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GENERAL INTRODUCTION 
Virtually every organism responds to hyperthermal stress 
by repressing the synthesis of the normal array of proteins 
and inducing the synthesis of a relatively small number of 
proteins known as heat shock proteins, or hsps. The major 
hsps of most organisms fall into the general size classes of 
68-73 kDa, 80-90 kDa, and 20-30 kDa. DNA sequence analysis 
of the genes encoding these proteins have allowed researchers 
to derive amino acid sequences, which have then been used to 
compare the similarly sized hsps from one organism to 
another. This process revealed that the members of the 68-73 
kDa class (collectively referred to as hsp70) and the 80-90 
kDa class (collectively referred to as hsp80) exhibit high 
degrees of sequence homology among several very diverse 
species. For instance, the Drosophila hsp70 protein was 
shown to be 70% homologous to a yeast hsp70 protein (Ingolia 
et al,, 1980) and 73% homologous to a human hsp70 protein 
(Hunt and Morimoto, 1985). This relationship extends to 
bacteria as well. The Drosophila hsp70 gene and the E, coli 
dnaK gene are 48% homologous (Bardwell and Craig, 1984). 
HspSO also shows a high degree of sequence conservation from 
species to species. Analysis of the Drosophila hsp83 gene 
(Blackman and Meselson, 1986) and the Saccharonyces 
cBreifisiae hsp90 gene (Farrelly and Finkelstein, 1984) 
sequences revealed 60% homology at the level of the derived 
amino acid sequences (Lindquist, 1986). Furthermore, 
Bardwell and Craig (1987) demonstrated that the E. coli heat 
shock protein B65.5 is 41% homologous with the Vrosophila 
hspS3 protein. 
Homologies of the hsp70 and hspSO proteins of various 
species has also been demonstrated by antibody 
cross-reactivity. Kelly and Schlesinger <1992) found that 
antisera directed against chicken hsp70 and hspSO recognized 
proteins of similar size from yeast. Cm eiegans, Vrosophila^ 
corn, Xenopus, mouse, and human. 
The high degree of homology found among the hsps of very 
diverse organisms indicates that selective pressures have 
slowed the divergence of these proteins throughout the course 
of evolution, and suggests that these proteins perform a 
basic and necessary function for the cell. This idea is 
supported by the correlation between the accumulation of hsps 
and the ability of cells to survive at otherwise lethal 
temperatures (Li and Werb, 1982; Lin et al., 1984; Hallberg 
et al., 1985). So, although the exact function of the hsps 
have yet to be determined, there appears to be a strict 
requirement for these proteins during heat stress. 
Several approaches have been used in attempts to 
determine the functional properties of individual hsps. 
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Mutations in certain heat shock genes of S. cerevisiae (Craig 
and Jacobson, 1984; Werner—Washburne et al., 1987) and D. 
discoidium (Loomis and Wheeler, 1982) have been shown to 
cause the organisms to be temperature sensitive for growth at 
heat shock inducing temperatures. Again, these studies 
indicate a requirement for these proteins but have not 
revealed their precise cellular function. 
Another approach to determining the functions of 
individual hsps has involved determining the subcellular 
localization of those proteins. Studies with both 
Urosophila (Velazquez and Lindquist, 1984) and mammalian 
cells (Pelham, 1984; Welch and Feramisco, 1984) have shown 
that hsp70 accumulates in the nucleus during heat shock. In 
mammalian cells, hsp70 accumulates preferentially in the 
nucleolus (Pelham, 1984) where it associates with the nuclear 
matrix (Sinibaldi and Morris, 1981). The speed with which 
heat shock induced changes in the morphology of the nucleolus 
recover has been shown to correlate with the amount of hsp70 
present in the cell (Pelham, 1984), and suggests that the 
processing of pre-ribosomes and hnRNA which recover along 
with the morphology of the nucleolus may be rescued by the 
hsp70 protein (Pelham 1984). 
HspSO has been shown to be a soluble cytoplasmic protein 
in Drosophila (Arrigo et al., 1980; Tanguay, 1985) and 
mammalian cells (Sinibaldi and Morris, 1981; Lai et al.. 
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1984). HspSO appears to form transient associations with 
certain viral proteins (Oppermann et al., 1981) and with 
progesterone receptors (Schuh et al., 1985). 
The situation for the small hsps is more complex. The 
number of small hsps can vary from greater than twenty as in 
soybeans (Lin et al., 1984) to as few as one as in S. 
cerevisiae (Petko and Lindquist, 1986). Researchers have 
isolated cytoplasmic granules containing small hsps (Nover et 
al., 1983; Bchuldt and Kloetzel, 1985) while other 
researchers have reported the associations of small hsps with 
nuclei (Arrigo et al., 1980; Guttman et al., 1980; Loomis and 
Wheeler, 1982). Although informative, these studies have 
provided clues but not answers to the question of hsp 
function. 
Along with the functional aspects of the heat shock 
response, this phenomenon has also been used as a means of 
studying the regulation of gene expression. The response of 
the cells to the temperature elevation generally involves a 
dramatic change in the pattern of proteins synthesized by the 
cell. Generally, heat shock results in the cessation of the 
normal pattern of proteins synthesis and the concomitant 
induction of hsp synthesis. In several cases, the repression 
of non-hsp synthesis during heat shock has been shown to be 
due to regulation at the level of translation (Banerji et 
al., 1984; Scott and Pardue, 1981; Storti et al., 1980, 
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Thomas and Mathews, 1982; Kraus et al., 1987). Scott and 
Pardue (1981) reported that in Drosophilsf the selective 
component of this process resided with a crude ribosome 
fraction, suggesting that the ribosome, or some associated 
component, plays a role in the regulation of protein 
synthetic patterns. Hallberg and co-workers (1985) reported 
that sublethal heat shocks of T. therwophila modify the 
transi ational machinery such that when the cells are shifted 
to a normally lethal temperature, they continue to synthesize 
hsps and are able to survive (Hallberg et al., 1985). 
The research reported within this thesis deals with two 
aspects of the heat shock response in the ciliated protozoan 
Tetrahyaena thermophila. First, the regulation of the 
response at the translational level was investigated. This 
was done by looking for heat shock induced structural 
alterations of ribosomal proteins. Section I describes and 
investigates a 22 kDa protein that associates with ribosomes 
of heat shocked cells at a time when translational regulatory 
events are occurring. Second, the metabolism and 
localization of one particular hsp, hspSB, was studied in 
order to gain information which might provide clues the 
function of that protein. Sections II and III show that this 
protein is localized to mitochondria, and that this protein 
shares structural homologies with mitochondrial proteins in 
several very diverse species. Additionally, this protein 
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shares several structural characteristics with an E. coli 
protein. The distinctive properties of the £- coli homologue 
indicate that it is the protein encoded by the groEL gene. 
Explanation of Dissertation Format 
This dissertation is written in the alternate format. 
Each major division (Sections I—III) is a complete manuscript 
modified to conform with the specifications of the Iowa State 
University Thesis Office. Each part has its own 
introduction, materials and methods, results, discussion, and 
references. Following these four parts is a general 
discussion of the entire dissertation. 
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SECTION I: AN EFFECT OF HEAT SHOCK ON RIBOSOME STRUCTURE: 
THE APPEARANCE OF A NEW RIBOSOMAL PROTEIN 
8 
ABSTRACT 
Following a non-lethal, but heat-shock-protein-inducing, 
hyperthermic treatment, ribosomes isolated from Tetrahymena 
thermophila contain an additional 22 kDa protein (p22). When 
maximally ribosome associated, this protein was found to be 
on the small subunit in a 1:1 stoichiometric ratio with other 
ribosomal proteins. Using an antiserum directed against 
purified p22, we found that non-heat-shocked and heat-shocked 
cells contain identical amounts of this protein, the only 
difference being that in the stressed cells p22 is entirely 
ribosome bound while in the unstressed cells p22 has no 
detectable ribosome association. As the 2D-electrophoretic 
properties of p22 show no alterations following heat shock, 
this change in state of ribosome-p22 interaction does not 
appear to be caused by a chemical modification of p22. 
During that time in heat shock when p22 is first becoming 
ribosome associated, it is found on polysomal ribosomes. The 
kinetics of this appearance correlate with a change in the 
translational properties of the cell. The functional 
significance of this association is discussed. 
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INTRODUCTION 
Many organisms respond to hyperthermal stress by not only 
inducing the synthesis of a specific set of proteins (heat 
shock proteins; hsps), but also by concomitantly suppressing 
the synthesis of normal cell proteins (non-hsps; reviewed in 
Schlesinger et al., 1982). In some organisms the suppression 
of non-hsp synthesis is mediated in large part at the 
translational level (Banerji et al., 1984; Bienz and Gurdon, 
1982; Scott and Pardue, 1981; Storti et al., 1980; Thomas and 
Mathews, 1982), while in others this appears to be more the 
result of transcriptional changes (Lindquist, 1981). In 
Drosophx 2a (Ballinger and Pardue, 1983; Kruger and Beneke, 
1981) and HeLa cells (Mickey and Weber, 1982a; Mickey and 
Weber, 1982b; Thomas and Mathews, 1982), modification of both 
the initiation and elongation steps of protein synthesis 
appears to occur during the stress response. In Drosophila 
(Glover, 1982; Olsen et al., 1983), tomato tissue culture 
cells (Scharf and Nover, 1982), and MeLa cells (Kennedy et 
al., 1984), the heat induced functional alterations in the 
protein synthetic machinery correlate with a structural 
modification of one of the ribosomal proteins. Additionally, 
HeLa cells subjected to heat shock modify certain initiation 
factors which may be the cause of the inhibition of 
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translation of non-hsp messages at the high temperature 
(Duncan and Hershey, 1984). Although suggestive, no evidence 
directly links such structural modifications with the 
functional changes known to occur. 
When Teirahymena cells are subjected to heat shock, hsp 
synthesis is induced and normal cell protein synthesis is 
repressed (Fink and Zeuthen, 1900, Gorovaky et al., 1982; 
Hallberg et al., 1984; Wilhelm et al., 1982). However, as 
with anaerobically growing yeast (McAlister et al., 1979; 
Miller et al., 1979), the heat shock response is transient 
and as heat shock protein synthesis declines, normal cell 
protein synthesis returns. Evidence from our lab indicates 
that both the repression of normal cell protein synthesis 
during the early stages of heat shock as well as the decline 
of hsp synthesis and return of non-hsp synthesis later in the 
heat shock is, at least in part, regulated at the level of 
translation (Hallberg et al., 1984; Hallberg et al., 1985; 
Kraus et al., 1987). For these reasons, we examined the 
ribosomes of cells at various times during heat shock in 
order to determine if structural alterations which correlated 
with changes in transiational events could be observed. We 
found that several changes occur in the array of tightly 
bound ribosomal proteins during heat shock. One of these 
changes, the appearance of a 22 kDa protein, was 
characterized further. The kinetics of its association with 
the small ribosomal subunit during heat shock correlated well 
with the return of normal cell protein synthesis and to a 
somewhat lesser degree with the decline in heat shock protein 
synthesis. We have measured the levels of this protein in 
heat shocked and non-heat shocked cells and determined the 
fraction of it which becomes tightly ribosome associated 
during these times. Our results indicate that this protein 
is always present in the cell and that heat shock causes the 
quantitative conversion of this protein from a non-ribosome 
bound (or extremely weakly bound) state to a high affinity 
ribosomal interaction. In addition, we have attempted to 
ascertain what possible modifications account for the changes 
in its ribosome affinity. 
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MATERIALS AND METHODS 
Culture Conditions 
A single strain of Tetrahy»ena thermophilaf CU 355 (IV), 
was used in all experiments. Cultures were grown at 30°C on 
a gyratory shaker in 1% Difco proteose peptone supplemented 
with 0.003% Sequestrene (Ciba-Geigy). Heat shocks were 
carried out at 41°C in a shaking water bath as previously 
described (Hallberg et al., 1984; Hallberg et al., 1985). 
Only cells in early log growth (less than 100,000 cells/ml) 
were used in these experiments. Cells were collected by 
centrifugation, washed once, re-pelleted and stored frozen at 
-70=C. 
The radioactive labelling of cellular proteins was 
accomplished by adding {=H}-lysine (4,5-=*H-lysine, Amersham) 
at 20uCi/ml to cultures of cells. This amino acid was used 
for labelling proteins because it is in very low 
concentration in proteose peptone. 
Ribosomal Subunit Isolation 
Frozen cell pellets were thawed on ice and resuspended in 
4°C buffer containing 0.1 M KCl, 0.01 M MgCla, and 0.01 M 
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Tris pH 7.5 (LK Buffer). Triton X—100 and deoxycholate were 
then added to a final concentration of 1.0% and 0.5%, 
respectively, the cells were disrupted with 10 to 15 strokes 
in a tight-fitting Dounce homogenizer (Kontes Glass Co., 
Vineland, N.J.), and the cell homogenate was centrifuged at 
15,000 X g for 10 min at 4®C. The supernatant solution was 
underlain with a 2 ml, 15% sucrose pad containing 0.6 M KCl, 
0.01 M MgCla, and 0.01 M Tris pH 7.5, and then centrifuged at 
100,000 X g for 8 hours at 3°C. Ribosome pellets were rinsed 
carefully with distilled HaO and stored frozen at -70®C. 
Ribosome pellets were resuspended (usually to a 
concentration of 25 to 50 Aaao units/ml) in a solution 
containing 0.6 M KCl, 0.01 M MgCls, and 0.01 M Tris pH 7.5 
(HK Buffer) and centrifuged at 15,000 x g for 10 min at 4°C. 
The supernatant (containing 50-70 Aa^o units) was then 
layered onto 15-35% linear sucrose gradients made up in HK 
buffer which was then centrifuged at 23,000 rpm in a Beckman 
SW27 rotor for 16 hours at 3°C. Following centrifugation, 
the gradients were fractionated into 2 ml fractions and the 
Aa^o of each was determined. Appropriate fractions 
containing the large and small subunits were pooled and 
precipitated with 2 volumes of 95% ethanol. 
The protease inhibitors aprotinin and PMSF were used at 
concentrations of 20 ug/ml and 2 mM, respectively. 
To isolate ribosomes using different stringencies of 
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washing, frozen cells were disrupted in LK buffer or in 
buffer containing 0.01 M KCl, 0.01 M Tris, and 0.0015 M 
MgCla pH 7,5 (RS buffer). Following centrifugation of the 
cell lysates at 10,000 x g for 10 min, each supernatant was 
underlaid with a 15% sucrose pad. For cells lysed in RS 
buffer, the sucrose pad contained RS buffer. For those lysed 
in LK buffer, the supernatants were underlaid with sucrose 
pads containing one of the following: a) LK buffer; b) HK 
buffer; c) 0.8 M KCl, 0.01 M Tris, and O.Ol M MgCla, pH 7.5. 
These tubes were then centrifuged at 100,000 x g for 5 hr at 
3°C. The resulting washed ribosome pellets were prepared for 
gel electrophoresis as described below. 
Monosome and Polysome Isolation 
Approximately 20 x 10* cells from an appropriately 
treated culture were collected by centrifugation, disrupted 
by vortexing in 3 ml of polysome lysis buffer (100 mM KCl, 20 
mM MgCla, 20 mM Tris, 2% spermidine, 1.0 mg heparin 
sulfate/ml, 2 mM dithiothreitol, 0.05% NP—40, pH 7.5), and 
centrifuged at 12,000 x g for 10 min. The resulting 
supernatant was layered on a 15-45% linear sucrose gradient 
containing 100 mM KCl, 20 mM MgCla, 20 mM Tris-Cl, and 2 mM 
dithiothreitol, pH 7.5, and centrifuged at 23,000 rpm in an 
SW27 rotor for 4 hr at 6°C. The gradient was fractionated 
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into 2 ml fractions, the Aa*o of each fraction was 
determined, and the appropriate fractions containing either 
polysomes or monosomes were pooled. The ribosomes in each of 
these were precipitated with ethanol as described above. 
Gel Electrophoresis of Ribosomal Proteins 
Ethanol precipitated ribosomal subunits were redissolved 
in distilled HaO. The Aa<bo of the solution was measured and 
from this the concentration of ribosomal proteins was 
determined (Hallberg and Bruns, 1976). The samples were 
diluted with an equal volume of 2X Laemmli sample buffer 
(Laemmli, 1970) and heated to 100°C for 2 minutes. In some 
cases, the ribosomal proteins were extracted from purified 
ribosomes by the acetic acid extraction method of Gorenstein 
and Warner (1976). The 22 kDa protein was solubilized by 
this procedure as could be seen when such extracted proteins 
were subsequently dissolved in Laemmli sample buffer and run 
on SDS-containing gels (Laemmli, 1970). However, the 22 kDa 
protein was not found to migrate either anodally or 
cathodal1 y when we attempted to separate these same purified 
proteins using the 2D electrophoretic procedure of Lastick 
and McConkey (1976). This explains why the 22 kDa protein 
was not seen in our previous work (Hallberg et al., 1981). 
The procedure for the one-dimensional separation of 
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proteins using SDS-PAGE has been described (Hallberg et al., 
1984; Hallberg et al., 1985), Two-dimensional gel 
electrophoresis of proteins was performed according to the 
procedures of Guttman et al. (1980). The first dimension was 
a non-equilibrium pH gradient electrophoresis (NEPHGE) run 
for 2400 V-hr. The second dimension was a 15% SDS-PAGE run 
for 800V-hr. Both one and two dimensional gels were stained 
and destained as previously described (Hallberg et al., 1984; 
Hallberg et al., 1985). The fluorographic procedure of Lasky 
and Mills (1975) was used to visualize radioactively labelled 
proteins. 
Quantitation of stained protein bands in one dimensional 
SDS gels was accomplished by scanning the lanes of gels using 
an LKB ultrascan laser densitometer (LKB Instruments Inc., 
Gaithersburg, liD) . Chart recorder tracings of such scans 
were copied onto heavy paper, the appropriate peaks cut out, 
and weighed. Comparable quantitative results were obtained 
using either Coomassie brilliant blue R or acid fast green 
stained gels. 
Preparation of 22 kDa Protein Antiserum 
The 22 kDa protein was purified by excising the 
appropriate band from lightly stained one-dimensional 
SDS-polyacrylamide gels in which small ribosomal subunit 
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proteins had been separated. The protein was electroeluted 
from the macerated gel pieces directly into dialysis tubing. 
The eluted material was dialyzed overnight at 4°C against 
buffer containing 10 mM KCl and 10 mM Tris pH 7.5. The 
dialyzed protein solution was partially lyopholized to reduce 
its volume and subsequently emulsified with 3 volumes of 
Freund's complete adjuvant. To obtain antibodies, rabbits 
were injected with the purified protein using the procedure 
of Vaitukaitis (1981). Approximately 40 ug of protein was 
injected in 50 ul aliquots intradermally at multiple sites 
(approximately 20-30) around the backs of two rabbits. The 
same injection procedure was repeated 9 weeks later. One 
week following the booster injections, both rabbits were bled 
from the ear. The serum was processed by standard procedures 
(Campbell et al., 1970) to purify the gamma-globulin 
fraction. 
Immunoblotting 
Proteins separated by SDS-PAGE were electrophoretically 
transferred to nitrocellulose filters (Schleicher and 
Schuell) using a modified version of the procedure of Towbin 
et al. (1979). The transfer solution used contained 12.5 mM 
Tris, 96 mM glycine, 0.05% SDS, and 10% methanol. Transfers 
were typically carried out at 0.6 A for 2 hours. 
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Antigen-antibody reactions and the visualization of those 
complexes using peroxidase-coupled goat anti-rabbit serum 
were carried out exactly as described by Allis et al. (1984). 
To determine the relative amount of p22 in a particular 
sample, varying amounts of that sample were electrophoresed, 
transferred, and visualized. The stained and still wet 
nitrocellulose filter was scanned using an LKB ultrascan 
laser densitometer. Chart recorder tracings of the scan were 
transferred to heavy paper, cut out and weighed. Using low 
concentrations of ribosomal proteins, the amount of anti-p22 
visualized on the filters was proportional to the amount of 
protein electrophoresed (see figure 6). 
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RESULTS 
The proteins synthesized by Tetrahymena thermophila 
during a 41=C heat shock and a recovery from heat shock are 
shown in figure 1. As reported before (Hallberg et al., 
1984; Wilhelm et al., 1982), the synthesis of hsps of 
molecular weights 73 and 80 kDa and a group at about 30 kDa 
is detectable within the first few minutes of the temperature 
shift and predominates the array of newly synthesized 
proteins. The synthesis of proteins made in cells growing at 
30®C is initially repressed following the 41*0 heat shock 
(lanes 2 and 3), but gradually returns (lanes 4, 5 and 6). 
By 45-60 min after initiation of heat shock the synthesis of 
many of the normal cell proteins can already be seen. During 
the same period of time that non-hsp synthesis returns, the 
synthesis of the hsps declines so that by 120 min at the heat 
shock temperature, the protein synthesis pattern is almost 
identical to that of the non-heat shocked cells (lanes 1 and 
6). The levels of a number of specific non-hsp mRNAs have 
been monitored throughout heat shock and although some 
decrease during the initial stages of heat shock, others show 
no decreases and some actually increase (Hallberg et al., 
1984; Kraus et al., 1987). Those mRNA species that are 
retained initially dissociate from polysomes, but after about 
Figure 1. Proteins synthesized during normal growth, heat 
shock, and recovery from heat shock 
Cells growing at 30®C were shifted to 41®C and at 
various times during heat shock or during a 30®C recovery 
from a 60 min heat shock, aliquots of cells were 
pulse-labeled with =H—lysine for 15 min. Samples of total 
cell protein were prepared, separated by SDS-PAGE (17%), and 
fluorographed as described in Materials and Methods. The 
time of labelling of the various samples are as follows: 
lane 1, for 15 min during early log growth at 30°C; lane 2, 
0-15 min of heat shock; lane 3, 15-30 min of heat shock; 
lane 4, 30-45 min of heat shock; lane 5, 45-60 min of heat 
shock; lane 6, 105-120 min of heat shock; lane 7, 0-15 min 
of recovery from a 60 min heat shock; lane 8, 15-30 min of 
recovery; lane 9, 45-60 min of recovery. 
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1 hr they again become polysome associated (Kraus et al., 
1987). In addition, the decline in synthesis of hsp73 and 
hspGO does not occur with the same kinetics as the decrease 
in overall concentration of their respective mRNAs (Hallberg 
et al., 1984); after 1 hr at 41°C these mRNAs are not 
completely polysome associated as they had been during the 
earliest stage of the heat shock <Kraus et al., 1987). These 
findings indicated to us that translational regulation of 
protein synthesis must be involved in controlling the array 
of proteins synthesized at different times during heat shock. 
Since the ribosome is the major component of the 
translational apparatus, a change in its structure could 
reflect a change in the functional state of the protein 
synthetic machinery. For this reason we examined the 
ribosomal proteins Cr—proteins) isolated from Tetrahymena 
cells undergoing heat shock, or during a recovery from heat 
shock, to see if correlative changes could be found. The 
proteins from high salt (0.6 M KCl) washed ribosomes of cells 
which had been treated as in figure 1 are shown in figure 2. 
The pattern of r—proteins was found to undergo several 
reproducible changes during heat shock which were reversed 
during the recovery period. These changes, as indicated by 
the arrows, included an increase in staining intensity of a 
doublet at 38 kDa, the disappearance of a band at 34 kDa, the 
Figure 2. Ribosomal proteins purified from calls in normal 
growth, heat shock, and recovery from heat shock 
Ribosomes were isolated from the same cells which had 
been radioactively labelled in figure 1. Ribosomal proteins 
were prepared, separated by SDS-PAGE (17%), and stained with 
Coomassie brilliant blue R as described in Materials and 
Methods. The gel contains the following: lane 1, ribosomal 
proteins from non-heat shocked cells; lane 2, from cells at 
41=C for 15 min; lane 3, from cells at 41°C for 30 min; lane 
4, from cells at 41°C for 45 min; lame 5, from cells at 41°C 
for 60 min; lane 6, from cells at 41°C for 120 min; lane 7, 
from cells heat shocked for 60 min and then allowed to 
recover at 30°C for 15; lane 8, from cells having recovered 
for 30 min; lane 9, from cells having recovered for 60 min. 
The open triangles indicate reproducible changes seen in the. 
staining patterns. The closed triangle indicates the 22 kDa 
protein which appears on ribosomes during heat shock. The 
asterisks indicate the protein bands used for quantitation 
in Table 1. 
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disappearance of several minor bands at 30 kDa, and the 
appearance of a band at 22 kDa. When protease inhibitors 
were included in all steps of the ribosome isolation 
procedure we found them to have no effect on these changes in 
protein arrays indicating that they were not the result of 
proteolytic artifacts (Petridou et al., 1983). Additional 
evidence presented later confirms that proteolysis could hâve 
played no role in generating these results. 
. The appearance of the 22 kDa protein was examined in more 
detail as the kinetics of its appearance correlated well with 
the return of normal cell protein synthesis and the decline 
of hsp synthesis during the heat shock. This protein was 
found to be associated with the small ribosomal subunit when 
purified ribosomes were dissociated on a.0.6 M KCl—containing 
sucrose gradient (figure 3). Its association with the 
ribosome was both strong and specific under heat shock 
conditions. The stoichiometry of the 22 kDa protein (now 
referred to as p22) relative to the other r—proteins was 
determined by comparing the staining intensity of the 22 kDa 
band (it is a single polypeptide; see figure 8) to the 
intensity of the 52 kDa r-protein band (this latter band is 
known to be composed of two large subunit ribosomal proteins; 
Hallberg et al., 1981; Petridou et al., 1983). The stained 
profiles of three different concentrations of r—protein 
Figure 3. Ribosomal subunit proteins from heat 
shocked cells 
Ribosomal subunits were prepared from cells heat shocked 
for 60 min at 41*C as described in Materials and Methods. 
Proteins from each subunit were electrophoretically 
separated and visualized as described in figure 2. Large 
ribosomal subunit proteins, lane 1; small ribosomal subunit 
proteins, lane 2. 
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separated by ID SDS-PAGE were scanned and the relative 
amounts of stainable protein in the two bands were determined 
as described in Materials and Methods. After correcting for 
size differences and the number of proteins per band, p22 was 
found to be represented in the ribosomal proteins in a 
0.98:1.0 ratio relative to each of the proteins in the 52 kDa 
band, suggesting that the vast majority of the ribosomes in 
heat—shocked cells possess an associated 22 kDa protein 
(assuming one p22 per ribosome). 
Because p22 appeared on the ribosome in response to heat 
shock, we next determined whether the synthesis of this 
protein was also induced by the heat treatment. Ribosomes 
were isolated from cells which had been labelled with 
{=H}-lysine during a 60 min, 41^C heat shock. The p22 
protein which appeared on the ribosome as the result of this 
treatment was not radioactive!y labelled, indicating that 
either p22 contains no lysine residues or that it was not 
synthesized in response to heat shock. When we labelled 
cells for 3 hours during early log growth at 30®C, chased 
them in fresh, non—radioactive medium for 60 min at ZO^C, and 
then heat shocked them at 41°C for 60 min, the p22 protein 
found in the purified ribosomes isolated from these cells was 
radioactively labelled to the same extent as all the other 
ribosomal proteins. Thus the previous result could not have 
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TABLE 1. Stoichiometry of ribosome-bound p22 as compared 
with other r—proteins* 
Protein Proteins/ •/. of Total Mass (kDa) of No. of 
band band" r-protein protein/band* proteins/ 
(kDa) mass= ribosome= 
CBB^ AFG° CBB AFG CBB AFG 
52 2 L 5. 17 6.40 103.4 128.0 0.99 1.23 
22(p22) 1 S 1.11 0. 88 22.2 17.6 1.01 0.80 
12.5 1 S, 1 L 1. 18 1.16 23.6 23.2- 0, 94 0.93 
^Purified r-proteins from cells heat shocked for 1 h were 
separated by SDS-PAGE as described in the text. Duplicate 
gels were stained with either Coomassie brilliant blue or 
acid fast green. Both gels were scanned, and traces were 
plotted as described in the text. The areas under the 
entire traces (total r—protein), as well as under individual 
peaks at 53, 22, and 12.5 kDa, were determined as described 
in Materials and Methods. 
®The number and location (large CL} or small CS} subunit) 
were determined from two-dimensional gels of purified 
subunit proteins. 
c^Area under a given peak/area of total protein) x 100. 
°We assume a mass of 2000 kDa of protein per ribosome. 
^We divided the estimated total mass of protein in the 
band by the size (in kilodaltone, as determined 
electrophoretically). of the protein in the band. 
•^CBB, Comassie brilliant blue. 
®AFG, Acid fast green. 
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been due to the absence of lysine in this protein. More 
importantly, it showed that p22, either in some precursor 
farm or in its mature form, was synthesized during normal 
growth at 30=C and that the 41°C treatment resulted in its 
conversion to a strong association with the ribosome. 
To characterize p22 and any possible precursor or 
modified forms in further detail and follow the metabolism of 
these proteins in both heat-shocked and non-heat-shocked 
cells, we prepared antisera directed against gel-purified 
p22. Immune serum directed against this protein reacted with 
a single 22 kDa band on a western blot of electrophoretically 
separated ribosomal proteins from heat—shocked cells (figure 
4; lanes 1 and 3); pre-immune serum gave no reactions with 
any Tetrahyvtena proteins (lane S) . A similar analysis of 
equivalent amounts of purified ribosomes from 
non-heat-shocked cells showing no stainable p22 (lane 2) 
elicited only a slight reaction of a 22 kDa protein with the 
antiserum (lane 4) and showed no other reactive species. 
When the total amount of the non—heat-shocked r—protein 
loaded on the gel was increased 20 fold, a comparable 
staining reaction to that shown with ribosomal protein from 
heat-shocked cells was detected in the immuno-western blot 
and again showed no other immuno-reactive band. This result 
allowed us to rule out the possibility that p22 existed in an 
Figure 4. Immuno-blot analysis of electrophoretically 
separated ribosomal proteins from 
non-heat-shocked and heat—shocked cells 
Duplicate samples of purified ribosomal proteins were 
separated by one dimensional SDS-PAGE and either stained 
with Coomassie brilliant blue (lanes 1 and 2>, or were 
transferred to nitrocellulose, incubated with anti-p22 
antiserum, and the immunoreactive proteins visualized using 
a peroxidase-conjugated second antibody (lanes 3, 4, and S> 
as described in Materials and Methods. Ribosomal proteins 
from non-heat-shocked cells are shown in lanes 2 and 4; 
ribosomal proteins from 60 min heat-shocked cells are in 
lanes 1 and 3. The gel which was stained contained 25ug 
r-protein per lane while the gel used for western transfer 
and immuno-blot analysis contained 2.5ug r-protein. The 
lower protein amount electrophoresed for the western blot 
was used in order to assure that the reaction product 
obtained was proportional to the amount of protein present. 
An immuno-western blot of electrophoretically separated 
total Tetrahyuena protein (100,000 cell equivalents) reacted 
with pre-immune serum is shown in lane 5 (this sample would 
contain about 25 ug of ribosomal protein; Hallberg and 
Bruns, 1976). 
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electrophoretically alternative form on ribosomes of 
non-heat-shocked cells. Additionally, it indicated the 
approximate difference in the concentration of p22 in the two 
r—protein samples. 
The non-ribosome-associated p22 could exist in some 
precursor form and in response to heat shock be modified to 
facilitate its association with the ribosome. To compare the 
form of all p22 immunologically-related proteins in 
non-heat-shocked cells with those in heat-shocked cells, we 
probed western blots of electrophoretically separated total 
cell protein extracts with our p22 antiserum (figure 5). For 
both heat-shocked and non-heat-shocked cell extracts the 
antiserum reacted only with a single 22 kDa band on the 
western blot indicating that p22 does not undergo a 
detectable size alteration during heat shock. Whether or not 
2-mercaptoethanol was used to reduce the proteins prior to 
electrophoresis also had no effect on the electrophoretic 
mobility of the immunoreactive species. These results also 
provide additional evidence that the appearance of p22 on the 
ribosome can not be due to proteolysis. 
Using western blots similar to those shown in figures 4 
and 5 to make quantitative measurements of the relative 
concentration of p22 in the two total cell protein samples, 
we determined that the amount of this protein in growing 
Figure 5. Immuno-western blot analysis of total cell 
protein from non-heat-shocked and 
heat-shocked cells 
Proteins were separated by one dimensional SDS-PAGE and 
stained with Coomassie brilliant blue R (lanes 1, 2, and 3), 
or they were transferred to nitrocellulose, incubated with 
anti-p22 antiserum, and the immunoreactive proteins 
visualized as described in figure 4 (lanes 4, 5, and 6). 
Ribosomal protein from cells heat shocked at 41°C for 60 min 
is shown in lanes 1 and 4. Total cell protein from 
non-heat-shocked cells is in lanes 2 and 5. Total cell 
protein from 60 min heat-shocked cells is in lanes 3 and 6. 
Lanes which were stained contained either 25 ug r-protein or 
50,000 cell equivalents of total cell protein. Lanes used 
for the western blot analysis contained either 2.5 ug 
f—protein or 5,000 cell equivalents of total cell protein. 
The arrow indicates the position of p22. 
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Figure 6. Measurement of the amount of p22 in total cell 
protein extracts from non—heat-shocked and 
heat-shocked cells, and in purified ribosomal 
proteins isolated from heat-shocked cells 
(A) To compare the relative amount of p22 in total cell 
proteins from heat—shocked and non—heat-shocked cells, 
varying quantities of extracts of non-heat-shocked (•) and 
60 min, 41*^C heat shocked (o) cells were separated by one 
dimensional SDS-PAGE, transferred to nitrocellulose, reacted 
with anti-p22 antiserum and visualized as in figure 4. 
Quantitative densitometric scans of the immunoblots (see 
Materials and Methods) were made to obtain the values 
plotted. The amounts of material electrophoresed is 
expressed in terms of cell equivalents (1000 cells contain 
1.25 ug protein; Hallberg and Bruns, 1976). 
(B) To determine the amount of p22 in a heat shacked 
cell which is ribosome associated, varying amounts of total 
cell extracts of 60 min heat—shocked cells (o) containing 
known amounts of ribosomal protein (20% of the protein in T. 
thermophila is ribosomal protein; Hallberg and Bruns, 1976) 
and amounts of purified ribosomes equivalent to that found 
in those cells (#) were electrophoresed, visualized, and 
quantitated as in panel A. The values on the abcissa are 
expressed in terms of the amount of ribosomal protein in the 
sample electrophoresed whether in a purified form or as a 
component of the whole cell extract. 
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cells and in 1 hr, 41°C heat-shocked cells is 
indistinguishable (figure 6a). We also determined the 
relative amount of p22 which became associated with the 
ribosomes following a 60 min heat shock and found that at 
least 90% of all p22 in the cell was ribosome associated 
(figure 6b). Therefore, virtually all the p22 found in a 
growing cell can, upon heat shock, be quantitatively 
converted into a strong association with the small ribosomal 
subunit. 
To examine further the form of p22 in non-heat—shocked 
cells, we looked for charge differences in the protein before 
and after heat shock. Total cell proteins from 
non-heat-shocked and from heat-shocked cells were separated 
by 2D-gel electrophoresis, transferred to nitrocellulose," and 
probed with the antiserum. These immuno—western blots 
(figure 7) revealed no change in the electrophoretic 
properties of p22, indicating that it did not undergo a 
charge modification during heat shock. Unless some other 
modification of p22 occurs in response to heat shock that has 
no effect on its overall charge, which we can't rule out, 
then the reason that p22 becomes tightly ribosome associated 
must be due to a change in the structure of the ribosome or 
to some component which reacts with it. 
One possible explanation for our results might be that 
Figure 7. Immuno-western blot analysis of total cellular 
protein separated by 2D gel electrophoresis 
Total cellular protein was separated electrophoretically 
in the first dimension by NEPHGE and in the second dimension 
by SDS-PAGE as described in Materials and Methods. Proteins 
were transferred to nitrocellulose and immunoreacted with 
the anti-p22 antiserum as described before. One major 
polypeptide was detected by anti-p22 as indicated by the 
arrow. The samples run are a) from non-heat-shocked cells, 
b) from 60 min, 41°C heat—shocked cells, and c> from an 
equal mixture of the non-heat-shocked and heat-shocked cell 
extracts. 
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p22 is a normal ribosomal structural protein which is always 
ribosome associated but which is tightly bound only as the 
result of a heat-shock-induced modification of some ribosome 
associated component. If p22 were weakly ribosome associated 
in non-heat-shocked cells, then the high salt conditions used 
for ribosome purification might cause the dissociation of 
this protein during ribosome isolation. If so, lowering the 
stringency of the isolation procedure might allow a weakly 
bound p22 to remain ribosome associated. To investigate this 
possibility, we prepared ribosomes from heat-shocked and 
non-heat—shocked cells using very low salt <0.01 M KCl), low 
salt (0.1 M KCl), high salt (0.6 M KCl), or abnormally high 
salt (0.8 M KCl) isolation conditions. The low salt 
isdlation conditions <0.1 M KCl) are those which we know 
retain all the factors necessary for in vitro polypeptide 
elongation and ribosome run—off (Sutton et al., 1978). As 
was expected, the stained proteins from the various isolates 
revealed a considerably larger number of protein bands in 
those prepared using the 0.01 M and 0.1 M KCl-containing 
solutions. The amount of p22 in each purified ribosome 
sample was determined using the anti-p22 serum to probe 
western transfers of electrophoretical1y separated ribosomal 
proteins using amounts known to give an immunological 
staining reaction proportional to the amount of protein 
Figure 8. Immuno-western blot of electrophoretically 
separated ribosomal proteins from ribosomes 
isolated under different stringencies 
Ribosomes were centrifuged from cell lysateg through 
sucrose pads containing different concentrations of KCl 
(indicated in molarities above the individual lanes) as 
described in Materials and Methods. Ribosomes were prepared 
from non-heat-shocked cells <n> and from 60 min, 41=C 
heat-shocked cells (h). Equal quantities of ribosomal 
proteins were electrophoresed and immuno-western blot 
analysis of these proteins using anti-p22 antiserum was 
performed as described in Materials and Methods. 
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present (figure 8). No significant differences were apparent 
in the amount of p22 associated with 0.01 M, 0.1 M, 0.6 M, or 
0.8 M KCl washed ribosomes from non-heat—shocked cells. 
Also, the amount of p22 associated with ribosomes of 
heat-shocked cells remained essentially the same. We must 
conclude that either the p22-ribosome interaction in 
non-heat-shocked cells is so weak that it cannot survive 
centrifugation under the lowest stringency isolation 
conditons or, alternatively, p22 is not ribosome associated 
in non—heat—shocked cells. In either case, the heat shock 
must induce some change, or changes, which bring about the 
quantitative conversion of p22 to a ribosome interaction 
which survives the most stringent isolation conditions. 
If the appearance of tightly bound p22 is signaling a 
ribosome which is in some way functionally altered, then one 
might reasonably expect that the first ribosomes with a 
strongly associated p22 should be found preferentially 
localized in either the pool of active or inactive ribosomes. 
To test this idea, we isolated monosomes and polysomes from 
cells at various times after a transfer to heat shock (41°C> 
conditions (figure 9). As would be expected if p22 were a 
unit ribosomal protein, when p22 became fully ribosome 
associated after 60 min of heat shock, it was distributed 
equivalent!y amongst the polysomal and monosomal ribosomes of 
Figure 9. Determination of the distribution of p22 in 
monosomal and polysomal ribOGomas isolated 
from cells during heat shock 
Cells growing at 30°C were shifted to 41*0; at 15 min 
(a) or 60 min (b) after the temperature shift, cells were 
collected and ruptured, and their cytoplasmic contents were 
separated by centrifugation as described in Materials and 
Methods. Fractions were collected, their Aa^o was 
determined, and aliquots of each were separated by 
one-dimensional SDS-PAGE, electroblotted, immunoreacted with 
anti—p22 antiserum, and stained (inserts). The direction of 
sedimentation is from right to left. The regions of the 
gradient containing polysomes (p> and monosomes (m) are 
indicated. 
Absorbance (260 nM) 
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the cell. However, at 30 min of heat shock when only partial 
association has occurred, p22 was found preferentially 
associated with the polysomal ribosomes. As polysomal 
ribosomes comprise only 15-20% of the total ribosomes in the 
cell at this time, this indicates the preferential 
utilization of ribosomes with a tightly bound p22 for protein 
synthesis at a time when the cells transiational properties 
are undergoing changes. Whether there is any direct 
relationship between these two phenomena remains to be 
rigorously tested. 
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DISCUSSION 
Ribosomes isolated from T, thermophila cells heat shocked 
at 41°C contain an additional protein, p22, strongly bound to 
the small ribosomal subunit. By a number of criteria one 
could argue that this protein is a ribosomal structural 
protein and that it is not found on ribosomes simply as an 
artifact of the isolation procedure. First, after 60 min of 
heat shock, essentially all of the p22 in the cell is 
ribosome associated (under the most stringent isolation 
conditions) and is present in an approximately 1:1 
stoichiometric ratio with other ribosomal proteins. Second, 
not only is p22 found in a stoichiometric amount on the 
ribosomes isolated from heat-shocked cells, but it is also 
found at the identical concentration in total cell extracts 
of growing cells. These results show that p22 is maintained 
in cells at the same level regardless of whether it is 
strongly ribosome associated or not, and that p22 is not in 
excess relative to the ribosome concentration of the cell. 
Finally, when 24 hr starved cells are refed, the cellular 
ribosome levels increase about 3-fold over a 6 hr period 
(Hallberg and Bruns, 1976); during this time p22 accumulates 
in a fashion quantitatively and qualitatively identical with 
other ribosomal structural proteins. Thus, p22 could be a 
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ribosomal structural protein whose strength of interaction 
with the ribosome varies depending upon the physiological 
state of the cell. However, ribosomes from non-heat-shocked 
cells, isolated using very low stringency conditions, 
exhibited no increase in the amount of bound p22 relative to 
that associated with those isolated using more stringent 
conditions. The normal procedure for isolating in vitro 
functional polysomes involves a 0.1 M KCl wash (Sutton et 
al., 1978). Were p22 a normal functional component of the 
ribosome, the low salt washed ribosomes would be expected to 
be enriched for this protein. Since they were not, either 
p22 is so weakly bound to ribosomes in non-heat-shocked cells 
that it cannot survive the ribosome (or polysome) 
purification procedure, and is not required for the in yii'o 
polypeptide elongation activity; or, alternatively, p22 is 
not physically associated with ribosomes in non-heat-shocked 
cells and consequently plays no functional ribosome related 
role during normal growth. This latter possibility seems 
less likely to us, but if true, it would indicate that the 
regulation of the level of p22 in the cell is in some way 
connected to the regulation in synthesis of normal ribosomal 
proteins. The question of the cellular site of p22 during 
normal growth will require some sort of in situ crosslinking 
for its resolution. 
Our electrophoretic and immunological data indicate that 
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p22 does not undergo a post-translational modification during 
heat shock which might have explained its increased affinity 
for the ribosome. Some other alteration must be involved. 
One possible explanation for the increased affinity of p22 is 
that ribosomes in heat-shocked cells undergo a change in 
conformational state resulting in the generation of a strong 
binding site for p22. An overall shift in ribosome 
conformation could cause changes in the affinities of a 
number of ribosome associated proteins. This could explain 
the other changes seen (see figure 2) in the array of 
proteins found on ribosomes isolated from heat—shocked cells. 
We have some indirect evidence that a change in ribosome 
conformation occurs and is correlated with an increased 
affinity for p22. First, the ribosomes of long starved cells 
(> 15 hrs in a low ionic strength salt solution) undergo a 
change in conformation which manifests itself in a number of 
ways, one of which is an altered affinity for a number of 
antibiotics (Hallberg et al., 1981). In these same cells, 
p22 becomes strongly associated with ribosomes (data not 
shown). Second, heat shock also induces a decreased 
sensitivity to the inhibitory effects of both cycloheximide 
and emetine, and as these antibiotics interact with different 
sites on the two ribosomal subunits (Vazquez, 1979), this 
must occur because of some overall change in ribosome 
conformation. Finally, when growing cells are transferred to 
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certain starvation media and heat shocked, rapid and 
selective degradation of the cells' ribosomes occurs 
(Hallberg et al., 1984). However, cells can be 
pre-conditioned to survive this heat shock and not degrade 
their ribosomes by a variety of treatments, all of which 
coincidentally induce the strong association of p22 with the 
ribosome (these include starvation for periods of greater 
than 15 hr, allowing cells to enter a plateau state of 
growth, and heat shock of growing cells). A conformational 
change in the ribosome induced by the various pre-treatments 
may play a role in stabilizing the ribosome so that during 
the heat shock in starvation media it is not suceptible to 
the increased degradative activity. 
As to the functional significance of these observations, 
the kinetics of appearance and disappearance of a tightly 
bound p22 mirrors a changing pattern of protein synthesis 
which occurs during heat shock. These include the resumption 
of non-hsp synthesis and the decrease in hsp synthesis while 
cells are still at the hsp-inducing temperature. Our 
preliminary evidence indicates that both of these changes in 
protein synthesis pattern are regulated in part at the level 
of translation. As starved cells having a tightly associated 
p22 show a normal hsp synthetic pattern when shifted to 41*0 
but show a lesser degree of supression of non-hsp synthesis, 
the presence of p22 appears to be more likely associated with 
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non-hsp mRNA usage rather than hsp mRNA non-usage. Whether 
the presence of p22 plays a direct role in the transition of 
hsp sythesis to non-hsp synthesis during heat shock or simply 
monitors this change remains to be proven. A combination of 
genetic and in vitro analyses will be required to 
unequivocally determine this. 
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SECTION II: A NORMAL MITOCHONDRIAL PROTEIN 
IS SELECTIVELY SYNTHESIZED AND ACCUMULATED 
DURING HEAT SHOCK IN TETRAHYMEHA THERHQPHILA 
We have identified and purified a 58 kDa protein of 7, 
thermophzla whose synthesis during heat shock parallels that 
of the major hsps. This protein, hsp58, was found in both 
non—heat-shocked as well as heat-shocked cells; however, its 
concentration in the cell increased approximately 2-3-fold 
during heat shock. The majority of hsp58 in both 
non—heat-shocked and heat-shocked cells was found by both 
cell fractionation studies and immunocytochemical techniques 
to be mitochondrially associated. During heat shock, the 
additional hsp58 was found to selectively accumulate in 
mitochondria. Non-denatured hsp58, released from 
mitochondria of non-heat-shocked or heat-shocked cells, 
sedimented in sucrose gradients as a 20—25 S complex. We 
suggest that this protein may play the analogous role in 
mitochondria which the major hsps play in the nucleus and 
cytosol. 
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INTRODUCTION 
Virtually every organism tested to date responds to 
hyperthermal stress by transiently inducing the synthesis and 
accumulation of a specific array of polypeptides commonly 
referred to as heat shock proteins (hsps) or stress proteins 
(summarized in Schlesinger et al., 1982; Atkinson and Walden, 
1985; Lindquist, 1986). The major hsps of most organisms 
fall into size classes of approximately 80-90 kDa, 68-75 kDa, 
and 15-30 kDa. Evolutionary conservation of DNA and amino 
acid sequences exhibited by the groups of major hsps, 
especially the hsp70 group, (Ingolia and Craig, 1982; Ingolia 
et al., 1982; Kelly and Schlesinger, 1982; Russnak et al., 
1983; Atkinson and Walden, 1985; Craig, 1985; Lindquist, 
1986) suggest that they must play fundamental metabolic roles 
in the cell. In many organisms, a variable arrays of minor 
hsps are also synthesized during heat shock (Miller et al., 
1979; Guttman et al., 1980; Lindquist, 1980; Voellmy and 
Bromley, 1982; Welch et al., 1983). Collectively, these hsps 
are thought to protect the cell from the adverse effects of 
heat shock as well as other physiological stresses 
(summarized in Schlesinger et al., 1982; Atkinson and Walden, 
1985; Craig, 1985; Lindquist, 1986). 
While mutations in specific heat shock genes have been 
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shown to affect the viability of the cells harboring those 
mutations (Loomis and Wheeler, 1982; Craig and Jacobson, 
1904; Werner—Washburne et al., 1987), the exact functions of 
individual hsps are still not well understood. One approach 
to ascertaining the functions of individual hsps has been tc 
determine the subcellular locations of those proteins. These 
studies have revealed that during heat shock certain hsps, 
such as some members of the 70—kilodalton group and several 
of the small hsps, tend to accumulate in the nucleus while 
others, such as members of the 80-90-kilodalton group, remain 
cytosolic (eg., Arrigo et al., 1980; Guttman et al., 1980; 
Loomis and Wheeler, 1982; Velazquez and Lindquist, 1984; 
Welch and Feramisco, 1984; Tanguay, 1985). Additionally, 
several of the small hsps appear to form cytoplasmic 
aggregates (Arrigo and Ahmad-Zadeh, 1981; Mover et al., 1983; 
Schuldt and Kloetzel, 1985). In plants, several hsps were 
found to associate with chloroplasts (Kloppstech. et al., 
1985;.Vierling et al., 1986), ribosomes (Lin et al., 1984), 
and mitochondria (Lin et al., 1984; Sinibaldi and Turpen, 
1985). Although these studies clearly show differences in 
the localizations of the hsps, particular functions have not 
yet been ascribed to these proteins. 
In Tstrahynena thermophila j the heat shock response is 
typical and can be induced by shifting the organism from 30°C 
to 41°C (Gorovsky et al., 1982; Wilhelm et al., 1982; 
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Hallberg et al., 1984; Hallberg et al., 1985). This induces 
the immediate and transient synthesis of the major hsps (73 
kDa, 00 kDa and 29—35 kDa) as well as several minor hsps 
(Hallberg et al., 1985; McMullin and Hallberg, 1986). 
As we are interested in determining the functions of 
individual hsps, we have begun purifying several of these 
proteins so as to better analyze their metabolism and 
localization. We have purified one of the minor hsps, hsp5S, 
and found that, although the synthesis and accumulation of 
this protein is induced during heat shock in a manner 
parallel to that shown by the major hsps, hspSB is also a 
normal component of the non-heat-shocked cell. HspSS appears 
to be associated exclusively with the mitochondria of T. 
thermophila and its concentration selectively increases in 
this compartment during heat shock. HspSS is apparently 
synthesized in the cytosol, imported into mitochondria, and 
assembled into oligomeric structures composed primarily of 
the hsp5S protein. 
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MATERIALS AND METHODS 
Culture Conditions 
A single strain of Tetrahy»ena theraophila^ CU 355 (ID, 
was used in all experiments. Cultures were grown at 30°C on 
a gyratory shaker in 1% Difco proteose peptone supplemented 
with 0.003% Sequestrene <Ciba-Geigy>. Heat shocks were 
carried out at 41=C in a shaking water bath as previously 
described (Hallberg et al., 1984; Hallberg et al., 1985). 
Only cells in early log growth (less than 100,000 cells/ml) 
were used in all experiments. Cells were harvested by 
centrifugation at 250 x g for 3 min at room temperature, 
washed by gently resuspending the cell pellet in 10 mM Tris, 
pH 7.5, and repelleted at 250 x g for 3 min. 
The radioactive labelling of cellular proteins was 
accomplished by adding {=H}—lysine (4,5-^H—lysine, Amersham) 
at 20 uCi/ml to cultures of cells. This amino acid was used 
for labelling proteins because it is in very low 
concentration in proteose peptone. 
Cell numbers were determined by diluting 1 ml samples of 
cell suspensions in 1 part 10% formalin, 8 parts 0.2 M NaCl 
and counting with a Coulter counter. 
Gel Electrophoresis of Proteins 
The procedure for the one-dimensional separation of 
proteins using SDS-PAGE has been described (Hallberg et al., 
1984; Hallberg et al., 1985). Two-dimensional gel 
electrophoresis of proteins was performed according to the 
procedures of Guttman et al. (1980). The first dimension was 
a non-equilibrium pH gradient electrophoresis (NEPHGE) run 
for 2400 V-hr. The second dimension was a 15% 
SDS-polyacrylamide gel run for BOOV-hr. Both one and two 
dimensional gels were stained with Coomassie brilliant blue R 
and destained as previously described (Hallberg et al., 1904; 
Hallberg et al., 1985). Silver staining was done according 
to the procedure of Wray et al. <1981). The fluorographic 
procedure of Lasky and Mills (1975) was used to visualize 
radioactively labelled proteins. Samples of total cellular 
protein were prepared as previously described (Hallberg et 
al., 1984). The protein concentration in samples was 
determined using the BioRad protein assay system. 
Hsp58 Purification 
Cells, heat shocked at 41°C for 120 min, were harvested, 
washed once with 10 mM Tris, pH 7.5, and repelleted. The 
cell pellet was resuspended in 8-10 volumes of LK-buffer (0.1 
M KCl, 0.01 M ligCla, 0.01 M Tris, pH 7.5) and lysed by the 
addition of deoxycholate and Triton X—100 ta final 
concentrations of 1.0% and 0.5%, respectively, followed by 
10-15 strokes in a tight fitting Bounce homogenizer. The 
cell lysate was centrifuged at 15,000 x g for 10 min at 4°C. 
The supernatant was underlaid with 1/4 volume of a 15% 
sucrose solution made up in HK-buffer (0.6 M KCl, 0.01 M 
MgCla, O.Ol M Tris, pH 7.5) and centrifuged at 100,000 x g 
for 8 hrs at 3°C. The pellet was resuspendsd in HK-buffer 
and layered onto a HK-buffered 15—30% sucrose gradient. The 
gradient was centrifuged at 23,000 rpm for 16 hr at 3®C, and 
2 ml fractions were collected. Proteins in each fraction 
were analyzed by one-dimensional gel electrophoresis and 
fluorography to determine which fractions were enriched in 
hspSB. Proteins in the appropriate fractions were then 
subjected to two-dimensional gel electrophoresis, the first 
dimension being the acid-urea gel system of Lastick and 
McConkey run in tubes (1976). Proteins were electrophoresed 
toward the anode at 1mA per tube for IS hr. Following 
electrophoresis, the tube gels were equilibrated in SDS 
buffer (0.0625 M Tris, pH 6.8, 5% B-mercaptoethanol, 10% 
glycerol, 2% SDS) for 1 hr before being layered onto 15% 
SDS-polyacrylamide slab gels which were prepared and run as 
described above. The 2nd dimension gels were lightly stained 
with Coomassie brilliant blue R, and the spot corresponding 
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to hspSB was cut from the gel, electroeluted, dialyzed 
against 10 mM KCl, 10 mM Tris, pH 7.5, and concentrated by 
ultrafiltration. 
Preparation of Anti-HspSB Antiserum 
Purified hspSQ protein, emulsified with 3 volumes of 
Freund's complete adjuvant, was injected into a rabbit 
according to the procedure of Vaitukaitis (1991). 
Approximately 100 ug of purified hsp5S protein was injected 
in 50 ul aliquots intradermally at multiple sites 
(approximately 20—30) around the back of a rabbit. The 
procedure was repeated 6 weeks later using approximately 50 
ug of purified hsp58 emulsified in Freund's incomplete 
adjuvant. One week following the booster injection, the 
rabbit was bled from the marginal ear vein. The serum was 
processed by standard procedures (Campbell et al-, 1970) to 
purify the IgG fraction. 
Immunoblotting 
Proteins separated by SDS-PAGE were electrophoretically 
transferred to nitrocellulose membranes (Schleicher and 
Schuell) using a modified version of the procedure of Towbin 
et al. (1979). The transfer solution used contained 12.5 mM 
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Tris, 96 mM glycine, 0.05% SDS, and 10% methanol. Transfers 
were typically carried out at 0.6 A for 2 hours. The 
transferred membranes were then blocked for 2 hr in TBS 
containing 3.0% BSA and 10.0% normal goat serum. The 
membranes were washed briefly in TBS, incubated at 37°C 
overnight with the anti—hsp58 antiserum diluted Is 1000 in TBS 
containing 10.0% blocking solution, and then washed with 
six-10 min washes of TBS. Then membranes were incubated with 
horseradish peroxidase conjugated goat-anti-rabbit IgG 
diluted 1:3000 in TBS containing 10.0% normal goat serum for 
2 hr at room temperature followed by six-10 min washes of 
TBS. The detection of the antigen-antibody complexes was 
carried out exactly as described by Hawkes et al. (1982). 
Quantitation of hspSB was accomplished by separating a 
dilution series of known cell equivalents of protein by 
SDS-PAGE, transferring the proteins to nitrocellulose, and 
probing the nitrocellulose membrane with the anti-hsp5B 
antiserum. The stained and still wet nitrocellulose sheets 
were scanned using an LKB ultrascan laser densitometer. The 
area under the peaks of the chart recorder tracings 
corresponding to the immunoreactions were quantitated using a 
Hewlet Packard Digitizer. This analysis allowed us to 
determine the protein concentration for each sample which 
yielded a colorometric reaction proportional to the amount of 
protein loaded. All samples, of a particular experiment, at 
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concentrations within the linear range of the detection 
reaction, were then electrophoresed on the same gel, 
transferred to nitrocellulose, and probed with the anti-hsp5B 
antiserum. The immunoreactive bands were scanned and 
quantitated as described above. 
Immunocytochemistry 
Cells were prepared for immunocytochemistry as described 
by Wenkert and Allis (1984). Approximately 900,000 cells <10 
ml of culture) were pelleted at 250 x g for 2 min, 
resuspended in 10 ml of 60 mM Tris, and fixed by the addition 
of 10 ul of fixative (2 parts saturated HgCla:1 part 100% 
EtOH) to the cell suspension. The cells were incubated in 
the fixative at room temperature for 5 min, pelleted, washed 
in 100% methanol, repelleted, and resuspended in 3 ml 100% 
methanol. Cells were dropped onto coverslips, dried at room 
temperature for 30 min, and incubated in PBS <150 mM NaCl, 10 
mM NaHPO*, pH 7.5) for 4-10 hrs at 4=0. Cover slips were 
then incubated with blocking solution <PBS containing 3 % BSA 
and 10% normal goat serum) for 2 hr at room temperature, 
washed with two 10 min PBS washes, incubated for at least 6 
hrs with the appropriate antiserum diluted 1:500 with PBS 
containing 10% blocking solution, washed with six 10 min PBS 
washes, incubated with FITC goat-anti-rabbit IgG <Sigma) 
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diluted 1:500 with PBS containing 10% normal goat serum for 2 
hrs, and washed with six 10 min PBS washes. Coverslips were 
then mounted on slides and the cells viewed using an Olympus 
BH-2 microscope fitted with a reflected light fluorescence 
attachment (model BH-2-RFL) and a BP-490 exciter filter. 
Mitochondria Isolation 
The procedure used was based on that described by liorin 
and Cech (1986). Cells were harvested by centrifugation, 
washed once with 10 mM Tris, 1 mM EDTA, pH 7.5, and 
resuspended in ice cold buffer containing 0.35 M sucrose, 100 
mM EDTA, 2 mM PMSF, and 10 mM Tris, pH 7.5. All following 
steps were performed at 4°C. Cells were disrupted by two 
passages through a Fisher portable homogenizer, and the lysed 
cell suspension was centrifuged at 3000 x g at 4=C for 5 min. 
The resulting supernate was centrifuged two more times, each 
time the pellet being discarded. The final supernate was 
then layered onto a linear 0.75 M to 1.75 M sucrose gradient 
containing 100 mM EDTA and 10 mM Tris, pH 7.5, and 
centrifuged at 25,000 rpm in a Beckman SW28 rotor for 240 min 
at 4®C. The band of light scattering material sedimenting 
approximately 2/3 of the way down the gradient was found to 
contain mitochondrial enzyme activity. In some cases, the 
purified mitochondrial band was collected, diluted 1:2 with 
buffer containing 100 mM EDTA and 10 mM Tris, pH 7.5, and 
then pelleted by centrifugation at 15,000 x g for 15 min. 
Enzyme Assays 
Succinate ferricyanide reductase activity was assayed 
according to the procedure of Lloyd et al. (1971). The 
reaction mixture contained 13.3 mM Na succinate, 10 mM KCN, 
mM KaFe(CN)*, and 100 mM potassium phosphate, pH7.4. 
Reactions were assayed at 420 nm against control cuvettes 
lacking succinate. Lipoamide dehydogenase activity was 
assayed according to the procedure of Reed and Mi 11ms (1966) 
The reaction mixture contained 0.3 mM B-NAD, 0.1 mM B-NADH, 
3.0 mM lipoamide (6,8-thiotic acid amide), and 150 mM 
potassium phosphate, pH 8.1. Reactions were assayed at 340 
nm against control cuvettes lacking lipoamide. 
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RESULTS 
During the first 30 min of a 41'=*C heat shock of 
Tetrahymena, hsp synthesis is maximally induced while non-hsp 
synthesis is greatly repressed (Fink and Zeuthen, 1980; 
Guttman et al., 1980; Wilhelm et al., 1982; Hallberg et al., 
1984; Hallberg et al., 1985). The hsps synthesized by T. . 
thermophila during this early stage of heat shock are shown 
in figure 1. These include a minor hsp of 58 kDa, referred 
to here as hsp58. As with the major hsps of this organism, 
hsp58 has been shown to undergo a transient induction in its 
synthesis during the first hour of heat shock (McMullin and 
Hallberg, 1986). 
Purification of HspSS 
To purify hsp58 we took advantage of one of its more 
interesting properties which became manifest when we 
subjected heat-shocked cells to subcellular fractionation. 
When the 10,000 x g supernate of detergent-lysed, 
heat—shocked cells, labelled with {=H}—lysine during the 
first 30 min of the heat-shock, was subjected to high speed 
(100,000 X g) centrifugation, the majority of the radioactive 
hsp58 was recovered and highly enriched in the crude ribosome 
Figure 1. Proteins synthesized by T. th»rmophxla 
during early heat shock 
Growing cells were shifted from 30°C to 41°C and 
labelled with {=H}-lysine from 5 min to 30 min after the 
initiation of heat shock. Total cell protein was separated 
by two-dimensional gel electrophoresis (NEPHGE followed by 
SDS-PAGE; see Materials and Methods), and the labelled 
proteins were visualized by fluorography. 
A portion of the sample was also loaded and run in the 
second dimension gel system only as seen along the right 
margin of the fluorogram. One of the major hsps, hspSO, 
although obvious in the one-dimensional separation, was not 
resolved in this two-dimensional gel system. The numbers on 
the right indicate molecular mass in kDa. The arrow 
indicates the position of hspSS. 
72 
acidic • basic 
73 
pellet. When the pelleted material was resuspended in a 
medium which dissociated ribosomes into subunits, and was 
then subjected to centri-fugation on a sucrose gradient 
(figure 2), very little of any of the radioactive hsps, 
including hsp58, was found to be associated with either 
ribosomal subunit (figure 2c). Although not subunit—bound 
under the salt conditions employed (0.6 M KCl), hspSG still 
did not exist as a free protein. Instead, it sedimented as a 
particle of approximately 20-25 S. This sedimentation 
behavior explains why it could have pelleted with ribosomes 
under the conditions we used for obtaining the crude ribosome 
fraction. As can be seen in figure 2c, hsp58 sedimented to a 
position in the gradient (fraction 12) which allowed it to be 
well resolved from the ribosomal-subunit proteins (figure 2b, 
fractions 5—6 and 9-10) and from many of the other 
contaminating non-ribosomal proteins which initially pelleted 
with the ribosomes (fractions 14-16). The stained proteins 
in fraction 12 (figure 2b) included a prominent band at 58 
kDa, presumably hspSB. Two separate two-dimensional gel 
analyses (see Materials and Methods) of the proteins found in 
fraction 12 showed that the major stainable protein species 
of that fraction co-electrophoresed with the labelled hspSS 
(data not shown) verifying that this protein was hspSG. 
Final purification of hsp58 was achieved by subjecting 
partially purified hspSS (obtained from the appropriate 
Figure 2. Hsp58 CO 
ribosome 
-purifies with ribosomes but 
' associated 
is not 
Cells were labelled with {=H}-lysine from 5 min to 30 
min of a 41=C heat shock. They were then harvested and used 
to prepare a total protein sample (T> and a 100,000 x g 
pellet (P) which contained the majority of the ribosomes. 
The 100,000 x g pellet was resuspended and its contents 
centrifuged through a linear 15-30% sucrose gradient (see 
Materials and Methods). 
(a): The positions of the ribosomal subunits in the 
gradient were determined from the absorbances of each 
fraction at 259nm while the positions of the labelled heat 
shock proteins were monitored by the TCA precipitable cpms 
in each fraction. The direction of sedimentation is from 
right to left. 
(b) and (c). Total protein (T), proteins in the.100,000 
X g pellet (P), and proteins in each fraction of the sucrose 
gradient (numbered lanes) were separated by SDS—PAGE and 
detected by staining with Coomassie brilliant blue R (bl and 
subsequently by fluorography (c>. HspSB is indicated by the 
arrows. Protein size standards are shown in lane M. 
N.B. An error in the loading of the gel resulted in the 
following order of sucrose gradient fractions for (b) and 
(c)sl-ll, 12, 14, 15, 13, 16. 
(a) 
3.0 
2.0 
1.0 
8 12 16 4 
Fraclion 
76 
•Fractions of sucrose gradients similar to that shown in 
figure 2) to two-dimensional gel electrophoresis, cutting the 
hspSS protein spot from the gel, and electroeluting the 
protein from the gel. The protein obtained in this manner 
was estimated to be at least 95% pure (data not shown, but 
see lane 3 of figure 3a). A polyclonal anti-hsp58 antiserum 
was generated in a rabbit by injection of the purified hsp58 
protein. By western blot analysis, the immune serum was 
found to react with a 58 kDa protein in a sample of total 
proteins from heat-shocked cells as well as with the purified 
hsp58 protein (figure 3a). Pre-immune serum showed no 
reaction with any Teirahymena protein (figure 3a). To check 
whether the immune serum recognized only hspSB, total 
proteins from cells labelled with {=H}—lysine from 5—30 min 
of heat shock were separated by two-dimensional gel 
electrophoresis, blotted to nitrocellulose, and probed with 
the immune serum. As can be seen in figure 3c, the antiserum 
reacted almost entirely with a single 58 kDa protein spot. 
This immuno-reactive spot corresponded to the radioactive 
hspSB spot seen on the fluorogram of the western blot, thus 
verifying that the antiserum was specific for hsp58. 
Figure 3. Characterization of anti-hsp58 antiserum 
(a): Protein samples were separated by one—dimensional 
SDS-PAGE and either stained with Coomassie brilliant blue R 
(lanes 1, 2, and 3) or electrophoretically transferred to 
nitrocellulose membranes (lanes 4 through 7). The 
nitrocellulose sheets were incubated first with either 
anti-hsp58 antiserum (lanes 4 and 5) or with pre-immune 
serum (lanes 6 and 7), and then with peroxidase conjugated 
goat anti-rabbit IgG. The immunoreactive proteins were 
detected as described in Materials and Methods. The samples 
examined were total proteins from cells heat shocked at 41=C 
for 60 min, lanes 2, 4, and 6; and purified hspSS, lanes 3, 
5, and 7. Protein size standards are shown in lane 1. 
(b) and (c): Total proteins from cells labelled with 
•C®H>-lysine from 5 min to 30 min of heat shock were 
separated by two—dimensional gel electrophoresis (see Figure 
1), transferred to a nitrocellulose sheet, probed with the 
anti-hspSQ antiserum as above (c> and fluorographed (b>. 
Arrows indicate the position of hspSB. 
(a) (b) acidic basic 
6 7 
0) 
Û 
(/)  ^
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Changes in Levels of HspSS During Heat Shock 
To determine how heat shock affected the level of hspSS 
in the cell, the antiserum was used to measure the relative 
cellular concentration of hspSS throughout a continuous 41°C 
heat shock (figure 4). An unexpected outcome of this 
analysis was that hspSS was easily detectable in 
non—heat-shocked cells (see Discussion for an estimation of 
the amount). Cells kept at 41°C for four hours showed a 
2.5-fold increase in the overall cellular concentration of 
hsp58, with most of this increase occurring within the first 
120 min of heat shock. 
When cells were shifted from 41°C back to 30°C, they 
resumed growth and division, and the level of hsp58 gradually 
declined. By 510 min of recovery at 3CC the cells had 
undergone two doublings and the amount of hspSS had returned 
to its original non-heat-shock level. Whether this decline 
is due to degradation, dilution by cell division, or both 
remains to be determined. 
To test whether the severity of the heat shock has an 
effect on the extent of hspSQ's accumulation, levels of this 
protein were measured in cells subjected to two other 
temperature regimes. The first was a continuous heat shock 
at 39°C. In this case the concentration of hsp58 increased 
Figure 4. Changes in cellular levels of hsp58 during 
heat shock and recovery 
Protein samples were prepared from cells at various 
times following a shift from 30«=»C to a heat shock inducing 
temperature and during recovery at 30°C from a 4 hr 41=C 
heat shock. Heat shocks were 1) a continuous 39=C 
treatment, 2) a continuous 4l°C treatment, and 3) a 1 hr 
41=C treatment followed by a 3 hr 43=C treatment. Recovery 
was at 30®C following a 4 hr, 41=C heat shock. Cell numbers 
were monitored throughout the treatments as described in 
Materials and Methods. Following electrophoretic separation 
of the total proteins from equal cell equivalents, the 
anti-hspSS antiserum was used to detect the hspSS in each 
cell preparation. An example of the data is shown in (a) 
with the samples from 30®C non-heat-shocked cells, lane 1; 
cells heat shocked at 41°C for 1 hr, lane 2; heat shocked 
for 2 hr, lane 3; heat shocked for 3 hr, lane 4; heat 
shocked for 4 hr, lane 5; 2 hr of recovery from a 4 hr, 41=C 
heat shock, lane 6; 4 hr of recovery form heat shock, lane 
7. To more accurately quantitate these levels <b>, dilution 
series of equal cell protein equivalents of each sample were 
analyzed by quantitative western blotting as described in 
Materials and Methods. The amounts of hspSB per cell are in 
units relative to the amount of hsp58 found in 
non-heat-shocked cells growing at SO^C (which was assigned a 
value of 1). All values are averages of either 2 or 3 
independent measurements. 
In cases of multiple components of a bar, the value of 
any particular component is the sum of that component and 
those below it. 
I 2 3 4 5 6 7 
iiiife-
U 41 
30° 
30°-» 39° 
30°-» 41 ° 
41°-» 43° 
41°-» 30° 
—1—I I 2 3 4 
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to a maximum of 1.9-fold relative to the 30=C level. The 
second experiment involved shifting cells from 30*0 to 41«=»C 
for 1 hr followed by a shift up to 43®C for 3 hrs. This 
temperature sequence was necessary since growing cells cannot 
survive a direct shift from 30®C to 43®C (Hallberg et al., 
1985). In this latter experiment, the level of hspSB 
increased nearly 3-fold relative to the 30°C level. Taken 
together with the data for the continuous 41°C heat shock, 
these results show that as the heat shock becomes more 
severe, the cellular concentration of hsp58 increases. A 
similar differential response to various heat shock 
temperatures has been noted for the major haps of Drosophila 
(Lindquist, 1980) and appears also to be the case for the 
major hsps of Tetrahymena. 
Subcellular Localization of Hsp58 Before and After Heat Shock 
To gain more information about hspSS metabolism, a 
comparison of the intracellular distribution of this protein 
in non—heat—shocked and heat-shocked cells was made using 
indirect immunofluorescent cytological techniques. As seen 
in figure 5a, the anti-hsp58 immunofluorescence detected in 
non-heat-shocked cells was localized to numerous spherical 
structures arranged in multiple longitudinal rows along the 
subcortical region of the organism. Heat-shocked calls 
Figure 5. Immunocytological localization of hspSB 
Fixed cells were incubated with either anti-hspSB 
antiserum (a and b) or with pre—immune serum (c). Cells 
were then incubated with FITC conjugated goat anti-rabbit 
IgG and the patterns of their immunofluorescence determined. 
Cells examined had been growing at 30=C (a and c> or had 
been heat shocked at 41=C for 120 min (b). 
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(figure 5b) showed similar immunofluorescent structures; 
however, their arrangement within the cell appeared less 
ordered. Although this technique is not quantitative, the 
immunofluorescence within the spherical structures of 
heat-shocked cells appeared more intense than that seen in 
the non-heat-shocked cells. The structures and their 
arrangement as seen in figure 5 appeared very similar to that 
which has been described for the mitochondria of Tetrahywtena 
(Elliot and Bak, 1964; Elliot et al., 1966; Hill, 1972; 
Aufderheide, 1979). However, mucocysts may show a similar 
arrangement in this organism (Allen, 1967). Discharge of the 
mucocysts can be induced by the dye Alcian blue (Orias et 
al., 1983). When cells were treated with the dye and mucus 
was released, no change in the morphology, arrangement, or 
intensity of the immunofluorescent structures was detected 
(data not shown), indicating that the structures which we 
observed were not mucocysts. 
To test more directly whether hspSB was associated with 
mitochondria, cells were disrupted mechanically (n.b. the 
original purification involved a detergent-lysis of cells 
which would have destroyed mitochondria) and the released 
contents were centrifuged into isopycnic sucrose gradients. 
The position of mitochondria in the gradients was determined 
by assaying each fraction for mitochondrial specific enzyme 
activities while the distribution of hspSB in the gradient 
Figure 6. Co-purification of hspSS with a 
mitochondrial-specific enzyme 
Cells were collected, mechanically disrupted, and the 
contents of the 2000 x g supernate of the cell lysate were 
sedimented into a linear 0.75 M to 1.75 M isopycnic sucrose 
gradient as described in Materials and Methods. Each 
fraction of the gradient was analyzed for 
succinate—ferricyanide oxidoreductase activity (a) and for 
the presence of hsp58 (b). 
Total enzyme activity in 300 ul of sample, measured in 
arbitrary units as the rate of change in A«ao nm over time, 
was constant for at least the first 10 min, and the 
cumulative change during this interval was used to determine 
the rates of the reactions. 
The distribution of hsp58 in the gradient was deterined 
by separating proteins from each fraction of the gradient by 
SDS-PAGE, transferring the proteins to a nitrocellulose 
membrane, and probing with anti—hspSB as described in figure 
3. Some degree of mitochondrial damage, probably occurring 
during cell disruption, is indicated by the presence of 
succinate-ferricyanide oxidoreductase activity which is not 
associated with the intact mitochondria (see fractions 9 and 
10). This may also explain the hspSB seen at the top of the 
gradient. Differences in submitochondrial locations of 
these two components (the enzyme complex responsible for the 
succinate-ferricyanide oxidoreductase activity is associated 
with the inner membrane {Tzagoloff, 1982} while hspSS 
appears to be located in the matrix) may explain the 
differences in the sedimentation properties of the released 
succinate-ferricyanide oxidoreductase activity and hspSB. 
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was determined by western blots of electrophoretically 
separated proteins from each fraction of the gradient. As 
can be seen in figure 6, the majority of the hspSB (figure 
6b) banded with the succinate-ferricyanide oxidoreductasa 
activity (figure 6a) and lipoamide dehydrogenase activity 
(data not shown). As qualitatively identical results were 
obtained for both non-heat-shocked as well as for 
heat-shocked cells (data not shown), the increase in the 
total amount of hsp58 in the cell was apparently due to a 
proportional increase in the amount of hsp58 found in the 
mitochondrial fraction. To measure directly the amount of 
mitochondrial hsp58, mitochondria were purified from 
non-heat-shocked cells and from cells kept at 41°C for 180 
min. The relative amount of hspSG in both samples was 
determined by quantitative western blot analysis of the 
purified mitochondrial proteins as had been done with whole 
cells. This analysis (figure 7) revealed that the level of 
hspSS within mitochondria increased approximately 2-3 fold 
during the 41°C treatment, just as was found for whole cells. 
The selective nature of this increase can even be seen in the 
increased staining intensity of a 58 kDa mitochondrial 
protein band relative to the other mitochondrial proteins 
(lanes 2 and 3, figure 8). Thus, the data indicate that 
most, if not all, of the newly synthesized hspSS induced by 
the heat shock accumulates in mitochondria. 
Figure 7. The amount of hsp58 in mitochondria increases 
during heat shock 
Mitochondrial proteins, prepared from the purified 
mitochondria of non-heat-shocked cells (lanes 2, 4, 5, and 
6) or from cells heat shocked at 41°C for 180 min (lanes 3, 
7, 8, and 9), were separated by SDS—PAGE and either stained 
with Coomassie brilliant blue R (lanes 2 and 3) or 
transferred to nitrocellulose membranes and probed with the 
anti-hsp58 antiserum (lanes 4 through 9). Amounts of 
protein loaded per lane were 30 ug, lanes 2, 3, 4, and 7; 15 
ug, lanes 5 and 8; 7.5 ug, lanes 6 and 9. Quantitation of 
hspSB in these samples was accomplished as described in 
Materials and Methods. Lane 1 contains protein size 
standards. 
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Further Characterization of HspSS 
The nature of hspSS's association with mitochondria was 
investigated in more detail by determining its resistance to 
proteolysis when intact or disrupted mitochondria were 
incubated with trypsin. As can be seen in figure 8, the 
hsp50 associated with intact mitochondria was protected from 
proteolysis; however, if the mitochondrial membranes were 
disrupted with BDS, hspSS was completely digested by the 
protease. This indicates that hsp58 is not associated with 
the external surface of the mitochondria. When purified 
mitochondria were disrupted by sonication, most of the hspSS 
fractionated with the soluble components and not with the 
membrane fraction (data not shown). Thus, hsp58 does not 
appear to be an integral membrane protein but instead is most 
likely either loosely associated with membranes or is a 
soluble protein of the mitochondria. 
The site of hspSS synthesis was determined by assessing 
whether its synthesis during heat shock was sensitive to 
either chloramphenicol or cycloheximide. At a concentration 
of chloramphenicol (500 ug/ml) which completely inhibited 
cell division (Turner and Lloyd, 1971), heat-shocked cells 
synthesized hsp58. However, hsp58 synthesis, as well as 
other hsp synthesis, was not detected in cells treated with 
Figure 8. HspSB associated with intact mitochondria is 
protected from proteolytic digestion 
Purified mitochondria (see Materials and Methods) were 
incubated on ice for 60 min in a buffered sucrose solution 
containing 0.35 M sucrose, 100 mM EDTA and 10 mM Tris, pH 
7.5, lanes 1 and 2; the solution plus 50 ug trypsin/ml, 
lanes 3 and 4; or the solution containing 50 ug trypsin/ml 
and 0.1% SDS, lanes 5 and 6. At the end of the incubation 
period, soybean trypsin inhibitor was added to each sample 
at a concentration of 100 ug/ml. Half of each sample was 
centrifuged at 13,000 x g for 10 min to repellet 
mitochondria, which were then resuspended in the original 
volume of buffer (lanes 2, 4, and 6). Equal volumes of each 
sample were then separated by SDS-PAGE, transferred to a 
nitrocellulose membrane, and probed with the anti-hspSB 
antiserum as described in figure 3. Because of the protocol 
used, the amount of mitochondrial protein run in lanes 2, 4, 
and 6 was about half of that run in lanes 1,3, and 5. 
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cycloheximide (5 ug/ml) during heat shock. These results 
indicate that hspSB is most likely synthesized outside of the 
mitochondrion on cytosolic ribosomes. Absolute proof of this 
will require identification and localization of the gene for 
hspSB. 
HspSS from heat—shocked cells sedimented as if it were 
part of a high molecular weight complex (see figure 2). 
Although the two—dimensional electrophoretic properties of 
individual hspSS from stressed and non-stressed cells were 
indistinguishable (data not shown), we asked whether this 
high molecular weight complex form of hsp58 was also found in 
the mitochondria of non—heat-shocked cells. To check this, 
the sedimentation of non-denatured hspSB from heat—shocked 
cells was compared to that isolated from non-heat-shocked 
cells. Purified mitochondria were disrupted by sonication 
and the released contents were centrifuged through a 15-30% 
sucrose gradient. Western blot analyses of the proteins in 
each fraction of the gradients revealed that hspSB from the 
mitochondria of non—heat-shocked cells sedimented identically 
as that from heat-shocked cells. Similar results were 
obtained with extracts of mitochondria from non—heat-shocked 
and heat-shocked cells that had been disrupted with non-ionic 
detergents (data not shown). Treating the contents of 
disrupted mitochondria with RNase or B-mercaptoethanol prior 
to centrifugation had no effect on the sedimentation 
Figure 9. Analysis of the proteins associated with the 
hsp58-containing particle 
Mitochondria, purified from calls heat shocked for 120 
min, were disrupted by sonication and their contents 
centrifuged into a 15—30% sucrose gradient as described in 
figure 2. Proteins in each gradient fraction were separated 
by SDS-PAGE and either silver stained (upper panel) or 
transferred to a nitrocellulose membrane and probed with the 
anti-hsp58 antiserum as described in figure 3 (lower panel). 
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properties of the hsp58 complex (data not shown). When the 
proteins in each fraction of a sucrose gradient used to 
fractionate disrupted mitochondria were separated by gel 
elctrophoresis and detected by silver staining, the most 
abundant protein in those fractions containing the hsp58 
complex was a 58 kDa species (figure 9). Little other 
protein appeared to co-sediment specifically and 
stoichiometrically with hsp58. Additionally, we could not 
detect any RNA molecules specifically co-sedimenting with the 
hsp59 protein when nucleic acids, extracted from each 
fraction of the gradient, were separated by agarose gel 
electrophoresis and stained with ethidium bromide (data not 
shown). These results indicate that hsp58 must assemble into 
an oligomeric structure composed almost exclusively of that 
protein. If other proteins assemble with hsp58 to form the 
high molecular mass complex, they must do so in significantly 
sub—molar amounts. 
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DISCUSSION 
We find that a normal protein component of mitochondria 
in non-heat-shocked Tetrahynena theraaphila displays the same 
synthetic properties during heat shock as do the major haps, 
namely that 1) it is selectively synthesized during the early 
stages of heat shock, 2) its synthesis appears to undergo a 
transient increase followed by a decrease during heat shock, 
3) its overall concentration in the cell substantially 
increases during heat shock, and 4) the degree of its 
accumulation correlates with the severity of the heat shock. 
The additional amount of this protein, hspSS, which 
accumulates during heat shock, is also found to be localised 
within mitochondria. The association of hsps with 
mitochondria has been previously reported to occur in monocot 
and dicot plants (Lin et al., 1984; Sinibaldi and Turpen, 
1985). The plant hsps described by Sinibaldi and Turpen 
(1985) have sizes similar to Tetrahynena's hsp58; however, 
synthesis of the plant hsps were shown to occur within the 
mitochondria and not in the cytosol as appears to be the case 
for hspSS of Tetraby^ena. 
In some organisms, cognate proteins, structurally similar 
to particular hsps but whose synthesis is differentially 
regulated, have been shown to be synthesized and accumulated 
in non-heat-shock situations (Welch et al., 1983; Lowe and 
Moran, 1984; O'Malley et al., 1985; Chappell et al., 1986; 
Palter et al., 1986). If the 58 kDa protein detected in 
non-heat-shocked Tetrahyiaena is a cognate of hspSS, then the 
two proteins must have no detectable size or charge 
difference, localize to the same sub-cellular compartment, 
and assemble into indistinguishable high molecular weight 
complexes. We feel that a more likely explanation is that 
hspSS is synthesized and accumulated as a normal 
mitochondrial protein during non—stress conditions. In this 
regard, hsp59 differs from hsp73 and hspSO in that these two 
major heat shock proteins are apparently in very low 
concentration in non-heat—shocked Tetrahymena. This 
statement is based on examinations of stained two dimensional 
gels (Guttman et al., 1980) and on the extremely low 
abundance'of the mRNAs for hsp73 and hspSO in 
non-heat-shocked cells (Hallberg et al., 1984; Hallberg et 
al., 1985). However, since quantitative analyses of all the 
other hsps of Tetrahymena have not been done, we do not know 
if hspSS's normal presence in non-heat-shocked cells is a 
feature unique to this particular hsp. The fact that hsp58 
exists in non-heat-shocked cells is not necessarily 
surprising since studies done with other organisms have shown 
that several hsps are present in those organisms under 
non-stress conditions (Guttman et al., 1980; Cheney and 
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Shearn, 1983; Welch et al., 1983; Schuldt and Kloetzel, 
1985). 
The cellular abundance of hspSS can be estimated by 
comparing the staining intensity of the hspSB band to the 54 
kDa ribosomal protein band seen in lanes 12 and 5-6, 
respectively, of figure 2b. The 54 kDa r-protein band is 
composed of two distinct r—proteins whereas the 58 kDa band 
in lane 13 is a single protein species. Assuming equal 
recoveries of both ribosomes and hsp58 in the 100,000 x g 
pellet (as the hsp58 complex is smaller than ribosomes, hsp5B 
concentration is probably underestimated using this 
assumption) and assuming equal stain binding properties of 
the proteins involved, we calculate from gel scans that there 
is approximately four times as much of the 54 kDa r—protein 
(the sum of both species) as there is of the hsp58 protein in 
41°C heat-shocked cells. Since the 54 kDa r—protein species 
together make up approximately 1.2% of the protein in the 
cell (Hallberg and Bruns, 1976; McMullin and Hallberg, 1986), 
then hsp58 is estimated to represent approximately 0.3% of 
the total protein in heat shocked cells and approximately 
0.12% of the protein in non-heat-shocked cells. Thus, the 
2-3 fold increase in the concentration of hsp58 during the 
heat shock represents a considerable increase in the amount 
of this protein in the cell. 
HspSS released from disrupted mitochondria sediments in 
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sucrose gradients as a component of a 20-25 S complex. Since 
no other protein or RNA molecules were found to co-sediment 
specifically with hsp5B, this particle would appear to be 
composed virtually exclusively of the hspSS protein. If this 
is the case, then the complex must be composed of between 
12-16 hspSB molecules (assuming a mass of 750,000-1,000,000 
for the particle). Electron microscopic examinations of 
negatively stained hsp50 complexes isolated by a variety of 
means from heat-shocked and non-heat-shocked cells revealed 
regularly arranged structures approximately 100 A in diameter 
(McMullin and Hallberg, manuscript in preparation). The 
processes by which this protein is imported into mitochondria 
and assembled into these complexes appear to function even 
when the cells are subjected to hyperthermal stress. 
One proposed role for heat shock proteins is to stabilize 
existing cellular structures against the denaturing effects 
of the heat shock (Pelham, 1986). Heat shock of Tetrahyjsena 
results in a change in mitochondrial morphology (Levy et al., 
1969) as well as a decrease in the ATP concentration in the 
cell (Rooney and Eiler, 1969; Findly et al., 1983) indicating 
that mitochondrial structures and functions are directly 
affected by the stress. The role hspSS plays in the normal 
(i.e., non-stress) functioning of the mitochondria is not 
known; however, as the major hsp's, hsp73 and hspSO, do not 
accumulate in mitochondria during stress, one possibility is 
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that hspSB plays a role in mitochondria during heat shock 
comparable to those played by hsp73 and hspBO in the nucleus 
and cytosol. 
103 
REFERENCES 
Allen, R. D. 1967. Fine structure, reconstruction and 
possible functions of components of the cortex of Tetrahymena 
pyriformis. J. Protozol. 14: 553-565. 
Arrigo, A. P., and C. Ahmad—Zadeh. 1981. Immunofluorescence 
localization of a small heat shock protein <hsp23) in 
salivary gland cells of Drosophila aelanogaster. Mol. Gen. 
Genet. 184: 73-79. 
Arrigo, A. P., S. Faken, and A. Tissieres. 1980. 
Localization of the heat shock-induced proteins in Drosophila 
melanogaster tissue culture cells. Dev. Biol. 90: 412-410. 
Atkinson, B. G., and D. B. Walden (eds.). 1985. Changes in 
Eukaryotic Gene Expression in Response to Environmental 
Stress. Academic Press Inc., Orlando, Florida. 
Aufderheide, K. J. 1979. Mitochondrial associations with 
specific microtubular components of the cortex of Tetrahymena 
thermophila. I. Corticle patterning of mitochondria. J. 
Cell Sci. 39: 299-312. 
Bardwell, J. C. A., and E. A. Craig. 1984. Major heat shock 
gene of Drosophila and Escherichia coli heat inducible dnaK 
gene are homologous. Proc. Natl. Acad. Sci. U.S.A. 81: 
848-852. 
Campbell, D. H., J. S. Garvey, N. E. Cremer, and D. H. 
Sussdorf. 1970. Methods in Immunology, 2nd edition. W.A. 
Benjamin, Inc., New York, New York. 
Chappell, T. G., W. J. Welch, D. M. Schlossman, K. B. Palter, 
M. J. Schlesinger, and J. E. Rothman. 1986. Uncoating 
ATPase is a member of the 70 kilodalton family of stress 
proteins. Cell 45: 3-13. 
Cheney, C. M., and A. Shearn. 1983. Developmental 
regulation of Drosophila imaginai disc proteins: Synthesis of 
a heat shock protein under non-heat shock conditions. Dev. 
Biol. 95: 325-330. 
Craig, E. A. 1985. The heat shock response. CRC Crit. Rev. 
Biochem. 18: 239-280. 
Craig, E. A., and K. Jacobson. 1984. Mutations of the heat 
inducible 70 kilodalton genes of yeast confer temperature 
104 
sensitive growth. Cell 38: 841-849. 
Elliot, A. M., and I. J. Bak. 1964. The fate of 
mitochondria during aging in Tetrahynena pyriformis. J. Cell 
Biol. 20: 113-129. 
Elliot, A. M. , D. li. Travis, and J. A. Work. 1966. An 
ultrastructural study of the effects of aeration and physical 
activity on aging in Tetrahyaena pyriformis. J. Exp. Zool. 
161: 177-192. 
Findly, R. C., R. J. Gillies, and R. S. Shulman. 1983. In 
yjpo phasphoraus-31 nuclear magnetic resonance reveals 
lowered ATP during heat shock of Tetrahynena. Science 219: 
1223-1225. 
Fink, K., and E. Zeuthen. 1980. Heat shock proteins in 
Tetrahyvtena studied under growth conditions- Exp. Cell Res. 
128: 23-30. 
Gorovsky, M. A., C. V. C. Glover, 8. D. Guttmann, K. J. 
Vavra, S. Horowitz, and D. S. Pederson. 1982. 
Stress-induced changes in nuclear proteins of Tetrahymena. 
P. 299-308. In M. J. Schlesinger, li. Ashburner, and A. 
Tissieres (eds.). Heat shock: from bacteria to man. Cold 
Spring Harbor Laboratory, Cold Spring Harbor, N.Y. 
Guttman, S. D., C. V. C. Glover, C. D. Allis, and M. A. 
Gorovsky. 1980. Heat shock, deciliation, and release from 
anoxia induce the synthesis of the same set of polypeptides 
in starved T. pyriformis. Cell 22: 299—307. 
Hallberg, R. L., and P. J. Bruns. 1976. Ribosome 
biosynthesis in Tetrahymena pyriformis: regulation in 
response to nutritional changes. J. Cell Biol. 71: 383-394. 
Hallberg, R. L., P. G. Wilson, and C. A. Sutton. 1981. 
Regulation of ribosome phosphorylation and antibiotic 
sensitivity in Tetrahytoena -theraophi las A correlation. Cell 
26: 47-56. 
Hallberg, R. L., K. W. Kraus, and R. C. Findly. 1984. 
Starved Tetrahymena thermophila cells that are unable to 
mount an effective heat shock response selectively degrade 
their rRNA. Mol. Cell. Biol. 4: 2170-2179. 
Hallberg, R. L., K. W. Kraus, and E. M. Hallberg. 1985. 
Induction of acquired thermotolerance in Tetrahymena 
thermophiJas Effects of protein synthesis inhibitors. Mol. 
Cell. Biol. 5: 2061-2069. 
105 
Hawkes, R., E. Niday, and J. Gordon. 1982. A dot 
immunobinding assay for monoclonal and other antibodies. 
Anal. Biochem. 119: 142—147. 
Hill, D. L. 1972. The biochemistry and physiology of 
Tetrahymena, Academic Press., New York, N.Y. 
Ingolia, T. D., and E. A. Craig. 1982. Four small 
Drosophjla heat shock proteins are related to each other and 
to mammalian a-crystal1 in. Proc. Natl. Acad. Sci. U.S.A. 79: 
2360-2364. 
Ingolia, T. D., M. R. Slater, and E. A. Craig. 1982. 
Saccharomyces cerevisiae contains a complex multigene family 
related to the major heat shock-inducible gene of Drosophila. 
Mol. Cell. Biol. 2: 1388-1398. 
Kelly, P. M., and M. J. Schlesinger. 1982. Antibodies to 
two major chicken heat shock proteins cross-react with 
similar proteins in widely divergent species. Mol. Cell. 
Biol. 2: 267-274. 
Kloppstech, K., G. Meyer, G. Schuster, and I. Ohad. 1985. 
Synthesis, transport, and localization of a nuclear coded 
22-kd heat shock protein in the chloroplast membranes of peas 
and Chlaaydomonas reinhardi. EMBO J, 4: 1901-1909. 
Lasky, R. A., and A. D. Mills. 1975. Quantitative film 
detection of and *'*C in polyacrylamide gels by 
fluorography. Eur. J. Biochem. 56: 93-104. 
Lastick, S. M., and E. H. McConkey. 1976. Exchange and 
stability of HeLa ribosomal proteins in riyo. J. Biol. Chem. 
251: 2867-2875. 
Levy, M. R., C. E. Gallon, and A. M. Elliot. 1969. Effects 
of hyperthermia on Tetrahymena. I. Localization of acid 
hydrolases and changes in cell ultrastucture. Exp. Cell Res. 
55: 295-305. 
Lin, C. Y., J. K. Roberts, and J. L. Key. 1984. Acquisition 
of thermotolerance in soybean seedlings. Synthesis and 
accumulation of heat shock proteins and their cellular 
localization. Plant Physiol. 74: 152-160. 
Lindquist, S. 1986. The heat shock response. Ann. Rev. 
Biochem. 55: 1151-1191. 
Lindquist, S. 1980. Varing patterns of protein synthesis in 
106 
Drosophzia during heat shock: Implications for regulation. 
Dev. Biol. 77: 463-479. 
Lloyd, D.f R. Brightwell, S. E. Venebles, G. I. Roach, and G. 
Turner. 1971. Subcellular fractionation of Tetrahynena 
pyriformis ST by zonal centrifugation: Changes in activities 
and distributions of enzymes during the growth cycle and on 
starvation. J. Gen. Microbial. 65: 209-223-
Loomis, W. F., and S. Wheeler. 1982. Chromatin—associated 
heat shock proteins of Dictyostelium. Dev. Biol. 90: 
412-418. 
Lowe, D. 6., and L. A. Moran. 1984. Proteins related to the 
mouse L-cell major heat shock protein are synthesized in the 
absence of heat shock gene expression. Proc. Natl. Acad. 
Sci. U.S.A. 81: 2317-2321. 
McMullin, T. W., and R. L. Hallberg. 1986. Effect of heat 
shock on ribosome structure: Appearance of a new 
ribosome-associated protein. Mol. Cell. Biol. 6: 2527—2535. 
Miller, M. J., N. H. Xuong, and E. P. Geiduschek. 1979. A 
response of protein synthesis to temperature shift in the 
yeast Saccharomyces cerev'isiae. Proc. Natl. Acad. Sci. 
U.S.A. 76: 5222-5225. 
Morin, G. B., and T. Cech. 1986. The telomeres of the 
linear mitochondrial DNA of Tetrahyvena theraophz 2a consist 
of 53bp tandem repeats. Cell 46: 873-883. 
Mover, L., K. D- Scharf, and D. Neumann. 1983. Formation of 
cytoplasmic heat shock granules in tomato cell cultures and 
leaves. Mol. Cell. Biol. 3: 1648-1655. 
O'Malley, K., A. Mauron, J. D. Barchas, and L. Kedes. 1985. 
Constitutive!y expressed rat mRNA encoding a 70—kilodalton 
heat-shock-like protein. Mol. Cell. Biol. 5: 3476-3483. 
Orias, E. M., M. Flacks, and B. H. Satir. 1983. Isolation 
and ultrastructural characterization of secretory mutants of 
Tetrahymena thernophila. J. Cell Sci. 64: 49—67. 
Palter, K. B., M. Watanabe, L. Stinson, A. P. Mahowald, and 
E. A. Craig. 1986. Expression and localization of 
Drosophila melaTiogaster hsp70 cognate proteins. Mol. Cell. 
Biol. 6: 1187-1203. 
Pelham, H. R. B. 1986. Speculations on the functions of the 
major heat shock and glucose-regulated proteins. Cell 46: 
107 
959-961. 
Reed, L. J., and C. R. Willms. 1966. Purification and 
resolution of the pyruvate dehydrogenase complex (Escherichia 
coli). Methods Enzymol. 9: 247-265. 
Rooney, D. W., and J. J. Eiler. 1969. Effect of 
division-synchronizing hypoxic and hyperthermic shocks upon 
Tetrahyjosna respiration and intracellular ATP concentration. 
J. Cell Biol. 41: 145-153. 
Russnak, R. H., D. Jones, and E. P. M. Candido. 1983. 
Cloning and analysis of cDNA sequences for two 16 kilodalton 
heat shock proteins (hsps) in Caenorhabditis elegansi 
Homology with the small hsps of Drosophila. Nucleic Acids 
Res. 11: 3187-3205. 
Schlesinger, M. J,, M. Ashburner, and A. Tissieres (eds.). 
1982. Heat shock: from bacteria to man. Cold Spring Harbor 
Laboratory, Cold Spring Harbor, N.Y. 
Schuldt, C., and P. M. Kloetzel. 1905. Analysis of 
cytoplasmic 19s ring type particles in Drosophila which 
contain hsp23 at normal growth temperature. Dev. Biol. 110: 
65-74. 
Sinibaldi, R. M., and T. Turpen. 1985. A heat shock protein 
is encoded within mitochondria of higher plants. J. Biol. 
Chem. 260: 15382-15385. 
Tanguay, R. M. 1985. Intracellular localization and 
possible functions of heat shock proteins. P. 91-110. In B. 
G. Atkinson and D. B. Maiden (eds.). Changes in eukaryotic 
gene expression in response to environmental stress. 
Academic Press, Inc., Orlando, Florida. 
Towbin, H., T. Staehelin, and J. Gordon. 1979. 
Electrophoretic transfer of proteins from polyacrylamide gels 
to nitrocellulose sheets; Procedure and some applications. 
Proc- Natl. Acad. Sci. U.S.A. 76:4350-4354. 
Turner, G., and D. Lloyd. 1971. The effect of 
chloramphenicol on the growth and mitochondrial function of 
the ciliated protozoan Tetrahymena pyriformis strain ST. J. 
Gen. Microbiol. 67: 175—188. 
Tzagoloff, A. 1982. Mitochondria. Plenum Press., New 
York, N.Y. 
Vaitukaitis, J. L. 1981. Production of antisera with small 
108 
doses of immunogens multiple intradermal injections. Methods 
Enzymol. 73: 47-52. 
Velazquez, J. M., and S. Lindquist. 1984. hsp70s Nuclear 
concentration during environmental stress and cytoplasmic 
storage during recovery. Cell 36: 655-662. 
Vierling, E., M. L. Mishkind, G. W. Schmidt, and J. L. Key. 
1986. Specific heat shock proteins are transported into 
chloroplasts. Proc. Natl. Acad. Sci. U.S.A. 83: 361—365. 
Voellmy, R., and P. A. Bromley. 1982. Massive heat-shock 
polypeptide synthesis in late chicken embryos: Convenient 
system for study of protein synthesis in highly 
differentiated organisms. Mol. Cell. Biol. 2: 479-483. 
Welch, W. J., and J. R. Feramisco. 1984. Nuclear and 
nucleolar localization of the 72,000-dalton heat shock 
protein in heat shocked mammalian cells. J. Biol. Chem. 258: 
4501-4513. 
Welch, W. J., J. I. Barrels, G. P. Thomas, J. J. C. Lin, and 
J. R. Feramisco. 1983. Biochemical characterization of the 
mammalian stress proteins and identification of two stress 
proteins as glucose- and Ca=*-ionophore-regulated proteins. 
J. Biol. Chem. 258: 7102-7111. 
Wenkert, D., and C. D. Allis. 1984. Timing of the 
appearance of macronuclear—specific hi stone variant hvl and 
gene expression in developing new macronuclei of TetrahymBna 
thernophila. J. Cell Biol. 98: 2107-2117. 
Wernei—Washburne, M., D. E. Stone, and E. A. Craig. 1987. 
Complex interactions among members of an essential subfamily 
of hsp70 genes in Saccharomyces cerevisiae. Mol. Cell. Biol. 
2: 1388-1398. 
Wilhelm, J. M-, P. Spear, and C. Sax. 1982. Heat shock 
proteins in the protozoan Tetrahyuenat induction by protein 
syntheisis inhibition and passible role in carbohydrate 
metabolism. P. 309—314. In M. J. Schlesinger, M-
Ashburner, and A. Tissieres (eds.). Heat shock: from 
bacteria to man. Cold Spring Harbor Laboratory, Cold Spring 
Harbor, N.Y. 
Wray, W., T. Boulikis, V. P. Wray, and A. Hancock. 1981. 
Silver staining of proteins in polyacrylamide gels. Anal. 
Biochem. 118: 197-203. 
109 
SECTION III: IDENTIFICATION OF A HIGHLY EVOLUTIONARILY 
CONSERVED MITOCHONDRIAL PROTEIN WHICH IS STRUCTURALLY 
RELATED TO THE PRODUCT OF THE E, coli groEL BENE. 
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ABSTRACT 
We recently reported that a Tetrahymena theraophxia 58 
kDa mitochondrial protein (hspSS) was selectively synthesized 
during heat shock. In this study, we show that hspSS 
displays antigenic homology with mitochondrial1 y associated 
proteins from Saccharoayces cereviszae (64 kDa), Xenopus 
laet^is (60 kDa), Zea aays (62 kDa), and human cells (59 kDa). 
Furthermore, a 58 kDa protein from E. coli also exhibits 
antigenic cross-reactivity to an antiserum directed against 
the T. iherittophi la mitochondrial protein. The 
hsp58—homologous proteins from S- cerevisiae and E. coli were 
studied in detail and found to share several characteristics 
with hsp58, including a heat inducibility and the property of 
associating into distinct oligomeric complexes. The T. 
ihsrmophilaf S, cerei^isiae, and E, coli macromolecular 
complexes containing these related proteins had similar 
sedimentation characteristics and virtually identical 
morphologies as seen in the electron microscope. The 
distinctive properties of the E. coli homologue to T. 
thermophila hspSS indicate that it is most likely the product 
of the groEL gene. 
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INTRODUCTION 
Most organisms subjected to sub-lethal heat shock 
inducing temperatures become conditioned to survive at even 
higher, normally lethal, temperatures. The acquisition of 
this thermotolerant state is accompanied by the production of 
specific arrays of polypeptides collectively known as heat 
shock proteins (hsps) which are thought to be involved in 
protecting the organism from hyperthermic stress (recently 
summarized in Craig, 1985; Lindquist, 1986). Several of 
these proteins have been shown to exhibit a relatively high 
degree of evolutionary conservation in their DNA and amino 
acid sequences (Ingolia et al., 1980; Ingolia et al., 1982; 
Kelly and Schlesinger, 1982; Bardwell and Craig, 1984; Biens, 
1984; Farrelly and Finkelstein, 1984; Hunt and Morimoto, 
1985; Blackman and Meselson, 1986; Bardwell and Craig, 1987) 
as well as in their subcellular compartmentalizations (Arrigo 
et al-, 1980; Lai et al., 1984; Velazquez and Lindquist, 
1984; Welch and Feramisco, 1984). This conservation of 
structure and localization within the cell strongly suggests 
that these proteins perform similar functions in the 
different species in which they are found. 
In Tetrahymena thermophishiftng cells to 37-41°C 
induces the selective synthesis of a specific array of heat 
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shock proteins (Gorovsky et al., 1982; Wilhelm et al., 1982, 
Hallberg et al., 1984, Hallfaerg et al., 1985; McMullin and 
Hallberg, 1986). Recently, we purified and characterized a 
minor member of this set of proteins. We find that not only 
is this protein, hsp58, one of the proteins selectively 
synthesized and accumulated early in heat shock, but that it 
is also a normal component of the mitochondria of this 
organism. Heat shock causes the level of hspSB to increase 
approximately 2—3-fold, and this additional protein also 
accumulates specifically in mitochondria. Another 
interesting property of hsp58 is that it assembles into large 
oligomeric complexes consisting primarily of the hsp5B 
protein (McMullin and Hallberg, submitted). 
Since at least two of the hsps of Tetrahymena, hsp73 and 
hspSO, exhibit evolutionary conservation with hsps of other 
species (Hallberg et al., 1984), we decided to ask whether 
homologues of hsp58 also exist in other organisms. This was 
done using an antiserum prepared against highly purified 
hsp58 (McMullin and Hallberg, submitted) to probe protein 
samples from several diverse species. In this study, we 
found that the anti-hsp58(Tefrahymena) antiserum cross—reacts 
with similarly sized proteins in E. coli^ yeast, Xenopus^ 
maize, and human tumor cells, and that in the latter four 
cases, the homologous proteins were mitochondrially 
associated. More detailed investigations of S. csrevisiae 
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and E. colz revealed that the cross-reacting protein in each 
of these species shared several unusual characteristics with 
Tetrahymena hsp58 including heat inducibility and oligomeric 
complex formation. Based upon a number of distinctive 
characteristics of the cross-reacting protein from E. co2i, 
we concluded that the hspSS homologue in these cells is the 
product of the E. coli groEL gene (Hendrix, 1979). 
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MATERIALS AND METHODS 
Yeast Strains and Culture Conditions 
Saccharomyces cerei^i siae ^ strain DAI (MAT , ade2) and a 
rhoO derivitive of DAI (Muller et al., 1984) were obtained 
from Tom Fox. Yeast were grown at 30°C in YPEB medium 
containing 17. (w/v) yeast extract, 2% (w/v) peptone, 3% (v/v) 
ethanol, and 3% (v/v) glycerol. 
Yeast Cell Fractionation 
Yeast cells were harvested by centrifugation (5 min at 
3000 X g), washed once in 1.2 M sorbitol, and resuspended in 
spheroplast buffer (1.2 M sorbitol, 1 mM EDTA, 1.0% 
B-mercaptoethanol, and 75 mM NaHPO*, pH 7.5). Zymolyase-20T 
was added to a concentration of 0.5 mg/ml, and the cell 
suspension was incubated at 37°C for 1-2 hr. All following 
steps were performed at 3°C. Spheroplasts were washed twice 
with 1.2 M sorbitol and resuspended in homogenization buffer 
(0.6 M sorbitol, 1 mM EDTA, 2 mM PMSF, and 60 mM Tris, pH 
7.5) containing 1.0% BSA. The cells were disrupted by 
homogenizing the suspension with 10 passages in a 
loose-fitting Dounce homogenizer. An aliquot of this 
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homogenate was removed and prepared for SDS-PAGE as described 
below (this sample was used as the total cell protein sample 
in figure la). The remainder of the lysate was centrifuged 
at 2500 X g for 10 min. This centrifugation step was 
repeated two more times, and each time the pellet was 
discarded. The supernatant of the third 2500 x g spin was 
then centrifuged at 10,000 x g for 15 min. An aliquot of the 
resulting supernatant was prepared for SDS-PAGE as described 
below (this was used as the protein sample of the 
post-mitochondrial supernatant). The crude mitochondrial 
pellet was resuspended in homogenization buffer and 
repelleted at 10,000 x g for 15 min. The resulting 
mitochondrial pellet was resuspended in homogenization buffer 
and an aliquot was removed and prepared for SDS-PAGE as 
described below (this was used for the mitochondrial pellet 
protein sample). The remainder of the mitochondrial 
suspension was layered onto a 20-70% linear sucrose gradient 
' containing 2 mM PMSF and 10 mM Tris, pH 7.5, and centrifuged 
at 23,000 rpm in a Beckman SW28 rotor at 4=C for 20 hr. The 
gradients were then fractionated into 15 equal aliquots. 
To prepare total protein samples for the quantitation of 
the 64 kDa protein (see figure 2), yeast cells were pelleted 
in a microcentrifuge at 10,000 x g for 5 min, resuspended in 
spheroplast buffer containing Zymolyase-20T at 0.5 mg/ml, and 
incubated at 37°C for 3 min. Cells were then re-pelleted at 
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5000 X g for 5 min, washed once with 1.2 M sorbitol, and 
prepared for electrophoresis as described below. 
For the fractionation of disrupted yeast mitochondria, a 
mitochondrial pellet was resuspended in 100 mti KCl, 10 mli 
MgCla, 4 mM PMSF, and 10 mM Tris, pH 7.5., sonicated at 
maximal output for 30 sec <3-10 sec bursts). The suspension 
of disrupted mitochondria was then centrifuged at 10,000 x g 
for 10 min. The resulting supernatant was layered onto a 
15-30% linear sucrose gradient containing 100 mM KCl, 10 mM 
MgCla, 4 mM PMSF, and 10 mM Tris, pH 7.5, and centrifuged at 
25,000 rpm in a Beckman SW28 rotor for 18 hr at 3°C, The 
gradients were then fractionated into 15 equal aliquots. 
Bacterial Strains, Culture Conditions, and Cell Fractionation 
The E, coil strains used were C-600 and BNN97 {C-600 
(Igtll) Young and Davis, 1983}, and were grown in LB medium. 
To prepare total E. coli C-600 protein samples, cells were 
pelleted by centrifugation at 5000 x g for 5 min, washed once 
with 10 mM Tris, pH 7.5. The cell pellet was prepared for 
SDS—PAGE as described below. 
For the sucrose gradient fractionation of bacterial 
proteins, a bacterial lysate was prepared from BNN97 cells. 
One liter of cells was grown at 37°C to an O.D.nao of 0.4. 
Cells were pelleted and resuspended in 10 ml of 10 mM Tris, 
117 
pH 7.5. Cells were incubated at 42°C for 20 mln, and then 
returned to 37=C for 2 hrs. This process induces the lytic 
phase of the lambda bacteriophage. However, because of a 
mutation in the S gene, cell lysis does not occur (Young and 
Davis, 1933). To lyse the cells, approximately 0.5 ml of 
chloroform was added to the the induced bacteria. The lysats 
was then centrifuged at 10,000 x g for 10 min. The resulting 
supernatant was layered onto a 15-30% linear sucrose gradient 
containing 100 mM KCl, 10 mM MgCla, 2 mM PMSF, and 10 mM 
Tris, pH 7.5, and centrifuged at 25,000 rpm in a Beckman BW28 
rotor at 3°C for 18 hr. The gradient was then fractionated 
into 15 equal aliquots. 
Preparation of Mitochondrial and Total Protein 
Samples from Other Organisms 
Tetrahymena thermophzla, CU 355 (II), were grown at 30°C 
on a gyratory shaker in 1% Difco proteose peptone 
supplemented with 0.003% Sequestrene (Ciba-Geigy) as 
previously described (Hallberg et al., 1984; Hallberg et al-, 
1985). The preparation of mitochondria from T. theraophila 
has been described previously (McMullin and Hallberg, 
submitted). 
Mitochondria were prepared from Xenopus laevis ovary 
tissue according to the procedure of Hallberg (1974). 
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Zea mays mitochondria, provided by C. Stewart, were 
prepared from etiolated corn seedlings according to the 
procedure of Day and Hanson (1977). 
Human lung carcinoma cells, A549 T27, were provided by 
M.D. Enger. Cells were maintained as a monolayer culture in 
McCoy's 5A medium supplemented with 10% fetal bovine serum, 
100 units penicillin/ml, 100 ug streptomycin/ml, and 3.75 mg 
gentamicin/ml at 37®C in 5% COa and 90% relative humidity. 
Cells were harvested by scraping them from the sides of the 
culture bottle with the edge of a microscope slide into a 
small volume of PBS containing 2 mM PMSF. Cells were then 
pelleted by centrifugation at 5000 x g for 5 min. 
All of the above samples were prepared for SDS-PAGE as 
described below, and all samples were stored frozen at -70®C. 
Preparation and Electrophoresis of Protein Samples 
SDS-sample buffer contained 1.5% SDS, 1 mM EDTA, 0.75% 
B-mercaptoethanol, 2 mM PMSF, 100 ug TPCK/ml, 100 ug TLCK/ml, 
and 50 mM Tris, pH 6.8. For the preparation of protein 
samples from cell pellets, cells were vortexed to dislodge 
the pellet, and SDS-sample buffer was added. The suspension 
was vortexed again briefly and immediately placed in a 
boiling water bath for 5 min. For protein samples in 
solution, an equal volume of 2x SDS-sample buffer was added. 
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and the samples were processed as above. The protein 
concentration in each sample was determined using the BioRad 
protein assay system. The procedure for the one-dimensional 
separation of proteins using SDS—PAGE has been described 
(Hallberg et al., 1984; Hallberg et al., 1985). Staining of 
gels with Coomassie brilliant blue R has been described 
previously (Hallberg et al., 1984). Silver staining was done 
according to the procedure of Wray et al. (1981). 
Immunoblotting 
Proteins separated by SDS-PAGE were electraphoretical1 y 
transferred to nitrocellulose membranes (Schleicher and 
Schuell) and probed with antiserum as previously described 
(McMullin and Hallberg, submitted). The second antibody was 
either a horseradish peroxidase conjugated goat anti-rabbit 
IgG antibody (diluted 1:3000) or a horseradish peroxidase 
conjugated sheep anti-mouse IgG antibody (diluted 1:500). 
The detection of the antigen-antibody complexes was carried 
out exactly as described by Hawkes et al. (1982). 
Quantitation of the immunoreaction of the appropriate samples 
was accomplished by separating a dilution series of the 
protein sample by SDS-PAGE, transferring the proteins to 
nitrocellulose, and probing the nitrocellulose membrane with 
the anti-hsp58 (Tetra/iy»ena) antiserum. The stained and still 
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wet nitrocellulose sheets were scanned using an LKB ultrascan 
laser densitometer. The area under the peaks of the chart 
recorder tracings corresponding to the immunoreactions were 
quantitated using a Hewlet Packard Digitizer. This analysis 
allowed us to determine the protein concentration for each 
sample which yielded a colorometric reaction proportional to 
the amount of protein loaded. All samples of a particular 
experiment, at concentrations within the linear range of the 
detection reaction, were then electrophoresed on the same 
gel, transferred to nitrocellulose, and probed with the 
anti-hspSB (Tetra/jyaena) antiserum. The immunoreacti ve bands 
were scanned and quantitated as described above. 
Affinity Purification of Anti-Hsp58<Tetra/>y»ena) Antibodies 
A highly purified sample of the hsp58 protein (McMullin 
and Hall berg, submitted) was electrophoresed into a 12.5% 
SDS-polyacryamide slab gel and transferred to a 
nitrocellulose membrane. The location of the hspSB protein 
band was determined by cutting two vertical strips from the 
membrane, staining those strips with 0.1% amido blue black in 
20% methanol and 10% acetic acid, and re—aligning the strips 
with the remainder of the membrane. A horizontal strip 
containing the hsp58 protein band was cut from the membrane, 
incubated in blocking solution (3% BSA and 10% normal goat 
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serum in TBS) for 2 hr, washed with TBS for 20 min, and 
incubated with a 1:750 dilution of the anti—hspSQ antiserum 
at 37®C for 8 hr. The strips were washed with TBS for 1 hr 
(six changes of buffer), and then the antibodies were eluted 
from the strip with a buffer containing 500 mM NaCl, 0.5% 
(v/v) Tween 20, 100 ug BSA/ml, and 5 mM glycine-HCl, pH 2.3. 
The eluate was neutralized with NaaPO* to a final 
concentration of 50 mM. 
Rhodamine 123 and Immunofluorescence Staining of A549 Cells 
The procedure of Johnson et al. (1980) was used to stain 
cells with rhodamine 123. A549 cells, grown on round 
coverslips as described above, were incubated at 37°C in 
growth medium containing rhodamine 123 at 10 ug/ml for 30 
min. The cells were rinsed three times with fresh medium, 
mounted on a live cell observation chamber containing growth 
medium, and observed by fluorescence microscopy (see below). 
For immunofluorescent staining of A549 cells, cells grown 
on round coverslips were fixed with 2% paraformaldehyde for 
20 min at room temperature. Cells were rinsed with PBS 
containing 0.1 M glycine, and then in PBS lacking glycine. 
The coverslips were placed in 50% EtOH for 15 min and then 
washed with PBS for 5 min. The fixed cells were treated with 
blocking solution, incubated with a 1:500 dilution of 
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anti-hsp58(Tefrahymena) antiserum, and incubated with a 1:500 
dilution of FITC goat anti-rabbit IgG antibodies as described 
previously (McMullin and Hallberg, submitted). Coverslips 
were then mounted on slides and examined using an Olympus 
BH-2 microscope fitted with a reflected light fluorescence 
attachment (model BH-2-RFL) and a BP—490 exciter filter. 
Electron Microscopy 
The protein complexes in the appropriate sucrose gradient 
fractions (fraction 10 seen in figure 3 and figure 9 in 
McMullin and Hallberg, submitted) were dialyzed against 
buffer containing 100 mM KCl, 10 mM MgCla, and 10 mM Tris, pH 
7.5, and then precipitated by saturating the solution with 
ammonium sulphate. The precipitate was collected by 
centrifugation and resuspended in the dialysis buffer 
described above. Protein samples were prepared for electron 
microscopic observation as described by Hendrix (1979). 
Carbon coated, parlodion backed grids were immersed in a 
solution containing the protein complexes for 20 sec. Grids 
were then rinsed in distilled water and stained with 1% 
uranyl acetate. The grids were examined using a Zeiss EMI09 
electron microscope. 
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RESULTS 
A Yeast Homologue 
To see whether the hspSB of T. thermophila had a 
structural homologue in other species, we first tested the 
anti-hsp58(Tetrahymena) antiserum (McMullin and Hallberg, 
submitted) against the electrophoretically separated total 
cell proteins of Saccharomyces cerevisiae. Using this 
procedure, we found that a single yeast protein of 64 kDa 
reacted with the antiserum (figure la, lane 6). As 7, 
thermophila hsp58 had previously been shown to be a 
mitochondrial protein (McMullin and Hallberg, submitted), 
additional studies were carried out to determine the 
subcellular localization of the cross-reacting 64 kDa yeast 
homologue of hspSS. Accordingly, spheroplasts were prepared, 
disrupted, and their liberated contents fractionated into a 
mitochondrial pellet and a post-mitochondrial supernate. 
Proteins from each fraction were then analyzed by 
immunoblotting procedures using anti-h5p58(Tefrahymena) 
antiserum. This analysis (figure la, lanes 7 and 8) showed 
that the 64 kDa yeast protein was highly enriched in the 
mitochondrial pellet and very low in the post-mitochondrial 
supernatant, indicating that it was very likely associated 
Figure 1. A single S, ceret^isiae mitochondrial protein 
cross-reacts with anti-hsp58(Tefrahy*ena) 
antiserum 
(a) S. cereyzsiae proteins (strain DAI) were separated on a 
12.5% SOS-polyacry1amide gel and either stained with 
Coomassie brilliant blue R (lanes 1-5) or transferred to a 
nitrocellulose membrane and incubated with anti-hsp58 
(Tetrahymena) antiserum (lanes 6-9). The immunoreactive 
proteins of the immunoblot were detected as described in 
Materials and Methods. Equal amounts of protein (25 ug) 
were loaded in each lane. The samples shown are total 
proteins from DAI rho+, lanes 2 and 6; post-mitochondrial 
supernatant from DAI rho+, lanes 3 and 7; mitochondrial 
pellet from DAI rho+, lanes 4 and 8; and total protein from 
the respiratory deficient DAI rhoO, lanes 5 and 9. Protein 
size standards are shown in lane 1. 
(b) A mitochondrial pellet prepared as in figure la from DAI 
rho+ cells was resuspended in mitochondria suspension buffer 
and the contents centrifuged into a linear 15-45% sucrose 
gradient (see Materials and Methods). The gradient was 
fractionated and an equal volume of each fraction was 
subjected to SDS-PAGE, transferred to a nitrocellulose 
membrane, and probed sequentially with first the 
anti-hsp58(TefraAy»ema) antiserum and then with a mouse 
monoclonal antibody directed against yeast cytochrome C 
oxidase subunit II as described in Materials and Methods to 
detect the immunoreactive proteins. 
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with mitochondria. To more critically test this possibility, 
a crude mitochondrial pellet prepared as above was 
resuspended and its contents banded in an isopycnic sucrose 
gradient. The proteins in each fraction of the resulting 
gradient were electrophoretically separated and analyzed by 
immunoblotting using the anti—hsp58(Tefrahymena) antiserum to 
determine the location of the 64 kDa protein in the gradient. 
To determine the position of the yeast mitochondria in the 
gradient, the same immunoblot was subsequently re-probed with 
a mouse monoclonal antiserum directed against yeast 
cytochrome C oxidase subunit II (cox II). This protein serves 
as a mitochondrial specific marker since it is synthesized 
and accumulated specifically in mitochondria (Tzagoloff, 
1983). The immunoblot displayed in figure lb shows that the 
64 kDa yeast protein banded at exactly the same position in 
the gradient as coxll, indicating that the 64 kDa protein 
associated specifically with mitochondria. The 64 kDa 
protein was also detected in the proteins from a rhoO 
derivative of the wild type yeast strain used in these 
experiments (figure la, lane 8); therefore, the 64 kDa 
protein must be encoded for by a nuclear gene. This finding 
is consistent with what we had found for Tetrahyaena hsp58, 
which also appears to be encoded for by a nuclear gene 
(McMullin and Hallberg, submitted). 
T. thermophila hspSS has been shown to be a 
Figure 2. Heat shock causes an increase in the level of the 
cross-reacting 64 kDa yeast protein 
(a) S. cerevisiaeJ DAI rho+, growing at 30°C were shifted to 
39°C. At various times, samples were removed and prepared 
for electrophoresis. Equal amounts of yeast protein were 
subjected to SDS-PAGE, transferred to a nitrocellulose 
membrane, and probed with anti-hsp58(Tefrahy*ena) antiserum 
as described in figure la. Samples shown are from cells at 
30®C, lane 1; 39=C for 60 min. Lane 2; and 39°C for 180 min, 
lane 3. 
Cb) The amount of the 64 kDa protein in each of the samples 
described above was determined by quantitative 
immunoblotting as described in Materials and Methods. Th* 
amount of immunoreactive protein was plotted relative to the 
amount found in the cells at 30°C. 
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heat-shock-induced protein whose concentration in the cell, 
and in mitochondria in particular, increased approximately 
2-3-fold during heat shock (McMullin and Hallberg, 
submitted). To determine if elevated temperature had a 
similar effect on the level of the 64 kDa yeast protein, 
yeast were shifted from 30°C to 39®C and samples collected at 
various times following the temperature shift. Equal amounts 
of protein from each total cell sample were then separated by 
gel electrophoresis and immunoblotted using the 
anti-hsp58(Te6rahymena) antiserum as shown in figure 2a. 
Quantitation of the immunoreacted product in each lane showed 
that the concentration of the 64 kDa yeast protein increased 
approximately 2-3-fold by 3 hr of heat shock, not unlike the 
result found for Tetrahymena hspSS. 
Another characteristic of T. thermophila hsp50 is that, 
when released in its native form from mitochondria by 
sonication or non-ionic detergents, it sediments in a sucrose 
gradient as a 20-25 S complex. To determine whether the 64 
kDa yeast protein showed a similar sedimentation behavior, 
purified yeast mitochondria were disrupted by sonication, the 
released material centrifuged into a linear sucrose gradient, 
and each fraction of the gradient analyzed by immunoblotting 
to determine the location of the 64 kDa protein in the 
gradient. As seen in figure 3, using the same centrifugation 
protocol employed in our study of Tetrahymena hspSS, the 64 
Figure 3. The 64 kDa yeast protein from purified 
mitochondria sediments as a 20-25 S complex 
A yeast mitochondrial lysate was prepared and 
centrifuged on a linear 15-30% sucrose velocity 
sedimentation gradient as described in Materials and 
Methods. Equal sized aliquots from each fraction of the 
gradient were subjected to SDS-polyacrylamide gel 
electrophoresis and either stained with Coomassie brilliant 
blue R (a) or transferred to a nitrocellulose membrane and 
probed with anti-hsp58(Tefrahy*ena) antiserum (b) as 
described in figure la. The arrow in (a) indicates a 64 kDa 
protein which co-sediments with the immunoreactive protein. 
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kDa yeast protein sedimented to a position approximately 
one-third of the way into the gradient (fraction 10 out of 
15). Native hsp58 of T. thermophila sediments to essentially 
the same position in this type of sucrose gradient (McMullin 
and Hallberg, submitted). When the yeast proteins in each 
fraction of the gradient were separated by SDS-gel 
electrophoresis and stained (figure 3b), the fractions 
enriched in the immuno-reactive 64 kDa protein contained a 
prominent stained band at 64 kDa. Although other proteins 
were present in these fractions, none appeared to 
specifically co-sediment with the 64 kDa protein, suggesting 
that the 64 kDa protein is the major protein component of the 
20-25 S complex in yeast, just as it clearly is in T. 
thermophila (McMullin and Hallberg, submitted). 
Homologues in Other Species 
In addition to yeast, the proteins from three other 
eukaryotic species were tested for cross-reactivity with 
anti-hsp58(Tefrahy*ena) antiserum. In a set of initial 
experiments, the antiserum recognized a single band in 
proteins from purified Xenopus mitochondria, from purified 
maize seedling mitochondria, and from total protein of human 
lung carcinoma cells (data not shown). In all of these 
organisms the cross-reacting protein was between 58-64 kDa, 
Figure 4. A protein which cross-reacts with the 
anti-h3p58(Tefrahy*ena) antiserum is found 
in several diverse species 
Proteins from various species were separated by gel 
electrophoresis, transferred to a nitrocellulose membrane, 
and incubated with either affinity-purified anti-hsp58 
antibodies, lanes 1-5 (see Materials and Methods); or with 
preimmune serum, lanes 6-10. The proteins subjected to 
electrophoresis were from purified Tetrahymena mitochondria, 
lanes 1 and 6; purified S. ceret^isiae mitochondria, lanes 2 
and 7; purified Xenopus laeuzs mitochondria, lanes 3 and 8; 
purified Zea mays mitochondria, lanes 4 and 9; total cell 
protein from A549 (human lung carcinoma) cells, lanes 5 and 
10. Detection of the immunoreactive proteins was as 
described in figure la. 
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and none of these proteins reacted with preimmune serum 
(figure 4, lanes 6-10). To ensure that Tetrahymena 
hspSB-specific antibodies were responsible for the 
cross-reactions to the alleged homologous proteins, 
affinity-purified anti-hsp58 antibodies were prepared by 
elution of those antibodies from purified T. thermophi1 a 
hspSS immobilized on nitrocellulose membranes (see Materials 
and Methods). The affinity-purified anti-hsp58 antibodies 
cross—reacted with the same sized proteins from the other 
species as was seen initially (figure 4a) indicating that all 
of these organisms have a protein which is structurally 
related to hsp58 of Tetrahymena. It should be noted that in 
all cases, Tetrahymena hsp58 and the immunologically 
cross—reacting proteins were very susceptible to proteolysis. 
If proper precautions were not taken during the preparation 
of the samples, whether from total protein extracts or 
purified mitochondria, partial proteolytic breakdown products 
in the range of 20-35 kDa were consistently observed. 
In yeast, maize, and Xenopus, the hsp5B—homologues were 
clearly associated with mitochondria. To determine if the 
cross-reacting protein seen in samples of human tumor cells 
(A549 cells) was also mitochondrially associated, the 
following approach was chosen. A549 cells were grown on 
coverslips, fixed, and incubated with anti-hsp58 antiserum. 
Detection of the immunoreactive material was accomplished 
Figure 5. Staining of human AS49 cells with rhodamine 123 
detects structures similar to the 
immuno-fluorescent structures detected using 
anti—hsp58 (Tetrahymenai antiserum 
Human lung carcinoma cells (A549) grown on coverslips 
were either incubated at 37*C for 30 rain in Eagle's complete 
medium containing rhodamine 123 at 10 ug/ml (a), or fixed 
and incubated with either anti-hsp58(TefraAy*ena) antiserum 
(b) or preimmune serum <c) followed by FITC—cojugated 
anti—IgG antibodies. The cells were then visualized by 
fluorescence microscopy as described in Materials and 
Method. 
Rhodamins IE3 (b) Anlî-Hsp5B (c) Prelmmune 
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with an FITC-canjugated anti-rabbit IgG antibody. To 
determine the normal morphology of mitochondria in these 
cells, living cells were incubated with the dye rhodamine 
123. This fluorescent dye selectively and specifically 
accumulates in mitochondria of respiring cells (Johnson et 
al., 1980). The intracellular fluorescence of the 
rhoda/nine-dye-stained cells shown in figure 5a strongly 
resembled the intracellular anti-hsp58 immunofluorescence 
shown in figure 5b. The slight differences in subcellular 
morphology could well be due to the fact that in one case the 
cells are living (figure Sa) and in the other case (figure 
5b) they are fixed. Nonetheless, we conclude that the human 
hsp5B homologue is also mitochondrially associated. 
An E. coli Homologue 
The above results showed that the anti-hsp58(Tefrahymena) 
antiserum recognized prtoteins in eukaryotic cells whose 
structures, heat—related metabolisms, and locations within 
those cells were highly evolutionarily conserved. To 
determine if this relationship extended to prokaryotes, E. 
coli proteins were electrophorteticall y separated, transferred 
to a nitrocellulose membrane, and probed with the 
anti-hsp58(Tefrahymena) antiserum. The results of this 
analysis, shown in lane 2 of figure 6, revealed a 
Figure 6. An E. coJi protein cross-reacts with the 
anti-hspSBITetrahymttna) antiserum 
Total E. coli proteins from cells grown at 39=C were 
prepared, separated by SDS-gel electrophoresis, and either 
stained with Coomassie brilliant blue R, lane 2; or 
transferred to a nitrocellulose membrane and probed with 
either untreated anti-hsp58(Tefrahymena) antiserum, lane 3 
affinity-purified anti-hsp58(TetraAy#ema) antiserum (see 
Materials and Methods), lane 4; or preimmune serum, lane 5 
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cross-reacting E. colz protein of approximately 58 kDa. 
Although the 58 kDa protein was not detected by the preimmune 
serum, several lower molecular weight bands were evident an 
the immunoblot (figure 6, lane 4). None of these 
corresponded to the 58 kDa protein and they were not detected 
with immune serum. The reason for this is not clear but one 
possible explanation is that the titer of these antibodies in 
the serum of the rabbit declined during the interval between 
the collection of the preimmune serum and the collection of 
the immune serum (8 weeks). Again, to be absolutely sure 
that antibodies specific for Tetrahy^ena hsp5B were 
responsible for the reaction with the £. co2i 58 kDa protein, 
affinity-purified anti-hsp5B antibodies were used to probe E. 
coli proteins. Although the reaction with this preparation 
was weak, presumably due to the much lower titer of the 
gamma-globulins, the affinity-purified antibodies recognized 
the same 58 kDa E, coli protein (figure 6, lane 3). In 
general, as would be expected, the cross-reaction of the 
anti-hspSa antiserum with the 58 kDa E. coli protein was much 
weaker than with the proteins of the eukaryotic species, 
indicating a lower degree of homology between hsp5B of 
Tetrahymena and the 58 kDa E. coli protein. 
We then asked what the properties of the E. coli 
homologue were in normal and stressed cells. Accordingly, 
logarithmically growing cells were shifted from 30°C to 43°C 
Figure 7. The cellular concentration ai the cross-reacting 
58 kDa E. coli protein increases during 
heat shock 
(a) E, coli were grown at 30°C to an OLD.m*o of 0.5 and were 
then shifted to 43*=>C. At various times following the 
temperature shift, cells were removed and total E. coli 
proteins were prepared for electrophoresis. Equal amounts 
of total proteins from each sample (50 ug) were separated by 
SDS-PAGE, transferred to a nitrocellulose membrane, and 
probed with anti-hsp58(TefraAy#ena) antiserum . The 
proteins were from cells at 30°C, lane 1; 43=C for 60 min, 
lane 2; and 43=C for 180 min, lane 3. 
<b> The amount of the cross-reacting 58 kDa protein in each 
sample was quantitated as described in figure 2b. The 
values were plotted relative to the amount found in cells at 
30=C. 
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and samples were collected at various times following the 
temperature shift. The amount of the 58 kDa protein in these 
samples was determined by quantitative immunoblotting as 
described above. The results of this experiment showed that 
the level of this E. coli protein increased at least 5-fold 
during the heat shock (figure 7a). Additionally, cells which 
had been incubated with £3H>-lysine during the heat shock 
showed an intensely labelled band at 58 kDa (data not shown). 
These results indicated that the cross-reacting 58 kDa 
protein may be one of the major hsps of this organism. 
A major heat shock protein of E. coli with a molecular 
weight of about 58 kDa is the product of the groE gene 
(Lemaux et al., 1978; Neidhardt et al., 1981). This protein 
is known to form macromolecular complexes which sediment at 
approximately 25 S and consist of 14 identical subunits 
(Hendrix, 1979). Sizes reported for this protein range from 
56.5 kDa to 65.5 kDa (Georgopoulos and Hohn, 1978; Hendrix 
and Tsui, 1978; Neidhardt et al., 1981). Therefore, the 
sedimentation characteristics of the cross-reacting 58 kDa E, 
coli protein were examined as shown in figure 8. Cell 
lysates of E. coli were prepared and centrifuged into a 
sucrose gradient. An equal volume of each fraction of the 
gradient was then analyzed by electrophoresis and 
immunoblotting using the anti-hsp58(Tefrahymena) antiserum to 
detect the location of the cross-reacting 58 kDa E. coli 
Figure 8. The 58 kDa £. coli protein sediments as a high 
molecular weight complex 
E. coli lysates were prepared (see Materials and 
Methods) and centrifuged into linear 15-30% sucrose velocity 
sedimentation gradients as described in figure 3. Equal 
sized aliquots from each fraction of the gradient were 
subjected to SDS-gel electrophoresis and the separated 
proteins were either stained with Coomassie brilliant blue R 
(a) or transferred to a nitrocellulose membrane and probed 
with the anti-hsp58(Tefrahymena) antiserum (b) as described 
in figure la. The arrow indicates a stained 58 kDa protein 
which co-sediments with the immunoreactive 58 kDa protein. 
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protein. As shown in figure 8b, this protein sedimented 
approximately one third of the way into the gradient 
indicating that it was a component of a large molecular 
weight complex. The electrophoretically separated proteins 
in each fraction were also stained (figure Sa). The 
fractions enriched in the immuno-reactive 58 kDa protein 
exhibited a prominent stained band at 58 kDa, and no other 
protein appeared to specifically co—sediment with the 
immunologically detected protein. These properties of the 
cross-reacting E. coli protein are essentially identical to 
the properties exhibited by the groE gene product (Hendrix, 
1979). 
One further distinguishing property of the native groEL 
protein has been described. When examined by electron 
microscopy, the purified 25 S groEL containing particles 
appear circular with a hollow core and have an outside 
diameter of approximately 125 A (Hendrix, 1979). 
Furthermore, and equally distinctive, they exhibit the very 
unusual property of a 7-fold rotational axis of symmetry 
(Hendrix, 1979). We purified the hsp58 particle from 
Tetrahymena mitochondria and the 64 kDa protein particle from 
yeast mitochondria, and examined negatively stained samples 
of these with the electron microscope. Figure 9 shows that 
the complexes from both Tetrahymena and yeast exhibit a 
morphology virtually identical to that of the.groEL protein 
Figure 9. Electron microscopic analysis of negatively 
stained protein complexes from Tetrahyuena 
and yeast 
Purified mitochondria were disrupted and the released 
contents were centrifuged into sucrose gradients (see figure 
3). The fraction most enriched in the cross-reacting 64 kDa 
protein from yeast and hspSB from Tetrahymena were prepared 
for electron microscopy as described in Materials and 
Methods. The grids containing these samples were stained 
with 1.0% uranyl acetate, (a) The hspSB protein complex 
from Tetrahymena^ (b> the the cross—reacting 64 kDa protein 
complex from S. cerevisiae (b>. The length of the bar in 
each panel represents approximately 500 A. 
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of E. coli. From these and our other results, we conclude 
that the groEL protein and 7. theriaophila hsp58 and its 
eukaryotic homologues are evolutionarily related. 
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DISCUSSION 
The data presented herein show that proteins homologous 
to hsp50 of 7, theraophils are present in several very 
diverse organisms ranging from mammals to E, colz. These 
homologues which were detected using an antiserum prepared 
against highly purified T. thermophila hspSB were all between 
58-64 kDa in size, and, in all of the eukaryotic species 
examined, were associated with mitochondria. In each of the 
three species examined in detail, T. thersophila (McMullin 
and Hallberg, submitted), S. ceret/isiae, and E. colz., the 
cellular concentration of the immunoreactive protein 
increased during heat shock. Furthermore, the protein in 
each of these three species assembled into a macromolecular 
complex sedimenting at approximately 20—25 S. The 
similarities in antigenic determinants, size, subcellular 
localization, heat inducibility, and oligomeric complex 
formation attest to the high degree of evolutionary 
conservation amongst all these proteins. The differences in 
molecular weight and degree of cross-reactivity of the 
homologous proteins are surprisingly small considering the 
diversity of the organisms examined. A similar high degree 
of evolutionary conservation has been shown for other hsps. 
Members of both the hsp70 and hspSO families of proteins show 
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conservation of subcellular localization among eukaryotes as 
distantly related as Drosophila and mammals (Arrigo et al., 
1980; Lai et al., 1984; Velazquez and Lindquist, 1984; Welch 
and Feramisco, 1934). Additionally, DNA sequence homologies 
and homologies at the level of protein primary structure 
revealed by antigenic similarities extend from E. coli to 
mammals for both hsp70 and hspSO (Ingolia et al., 1980; 
Ingolia et al., 1982; Kelly and Schlesinger, 1982; Bardwel1 
and Craig, 1984; Bienz, 1984; Farrelly and Finkelstein, 1984; 
Hunt and Morimoto, 1985; Blackman and Meselson, 1986, 
Bardwell and Craig, 1987). This evolutionary conservation of 
structure for the hsps clearly indicates the importance of 
these proteins in the functioning of the cell. 
The E. coli protein that cross-reacts with the antiserum 
directed against T. thermophila hsp58 exhibits a number of 
properties identical to those shown for the product of the 
groEL gene. The cross-reacting E. coii. protein is within the 
range of sizes reported for the groEL protein (Hendrix and 
Tsui, 1978; Georgopoulos and Hohn, 1978; Neidhardt et al., 
1981), and, as is the case for the groEL protein (Lemaux et 
al., 1978), it is selectively accumulated at elevated 
temperatures. Also, the cross-reacting protein and the groEL 
protein both assemble into similar oligomeric 20-25 S 
complexes (Hendrix, 1979). Finally, the seven-fold symmetry 
and size of the macromolecular structure of the T. 
153 
thermophila hspSG complex and that of the f- coli groEL gene 
product (Hendrix, 1979) as visualized in the electron 
microscope make these two particles essentially 
i ndi sti ngui shable. 
From the data presented herein, structural homologues of 
the groEL protein appear to exist in the mitochondria of a 
diverse set of eukaryotes, suggesting that this protein is 
fundamentally important for the functioning of this 
organelle. The findings that the concentration of hsp58 of 
Tetrahynena (McMullin and Hallberg, submitted) and the 
related 64 kDa protein of yeast increase in concentration in 
the cell (and in the mitochondria in particular, at least for 
Tetrahymena) during heat shock indicate that these proteins 
undoubtedly play some role in protecting this organelle from 
heat-induced damage. The fact that the groEL gene product 
becomes one of the major proteins in E. coli at extremely 
high temperatures (Herendeen et al., 1979) would re-enforce 
this notion. 
The role hspSB and its homologues may play during 
non-stress conditions is less clear. The functions of these 
mitochondrial proteins may become more evident if we examine 
the role or roles played by the groEL protein in E. coli at 
non-stress temperatures. Mutations in the groE gene have 
been shown to prevent the proper assembly of phage heads and 
may be involved in the processing of phage head protein 
precursors (Sternberg, 1973; Beorgopoulos et al., 1973; Coppo 
et al., 1973). Additionally, many of the groE mutants are 
temperature sensitive for growth and septatlon at heat shock 
inducing temperatures (Seorgopoulos et al., 1973; 
Beorgopoulos and Eisen, 1974). These characteristics of the 
groEL gene product suggest that it is necessary for normal 
cell metabolism and may be involved in the assembly of 
multimeric protein complexes, perhaps acting as a scaffolding 
protein to stabilize macromolecular assembly processes. 
Whether the groEL homologues in eukaryotes function in a 
similar manner in the assembly of mitochondrial components 
remains to be determined. 
Studies with mammalian cells have shown that hsp70 and 
its related cognates may be involved in the stabilization and 
assembly (or disassembly) of incompletely or incorrectly 
folded protein complexes. A protein related to hsp70 is 
found in the cytoplasm where at least one of its functions 
appears to be the removal of clathrin from coated vesicles 
(Chappell et al., 1986). Another protein related to hsp70 is 
found in the endoplasmic reticulum where it seems to 
associate with" the unassembled hydrophobic subunits of 
multimeric protein complexes (Munro and Pelham, 1986). The 
heat induced hsp70 migrates to the nucleus during heat shock 
where it apparently binds to heat damaged pre-ribosomes 
(Pelham, 1984) and hnRNPs (Kloetzel and Bautz, 1983), and may 
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assist in the recovery of these structures <Pelham, 1986). 
The activities of hsp70 and some of its cognates apparently 
involves the binding and, in some cases, the hydrolysis of 
ATP (Schlossman et al., 1984; Welch and Feramisco, 1985; 
Munro and Pelham, 1986). Interestingly, the groEL protein 
also displays ATPase activity (Hendrix, 1979). It has 
recently been shown that some cytoplasmically synthesized 
mitochondrial proteins must be unfolded in order for them to 
cross the mitochondrial membrane (Verner and Schatz, 1987). 
Given this, one possible non-stress function of the hspSQ 
complex (and its homologués in other eukaryotes) might be to 
assist in the refolding of newly imported proteins in the 
mitochndria. 
This is the third case of a homologue of one of the 
members of the E. coli htpR regulon (Neidhardt and 
VanBogelen, 1981; Yamamori and Yura, 1982) being identified 
in eukaryotes. However, while hsp70 and its cognates 
(homologues to the dnaK protein, (Bardwell and Craig, 1984)) 
and hspao (related to protein B65.5, (Bardwell and Craig, 
1987)) are found in the cytoplasm and nucleus, hspSS is found 
exclusively in mitochondria. Unlike the situation for hsp70 
where multiple forms (cognates) of this protein exist and 
their genes are expressed under different physiological 
conditions (Craig et al., 1983; Ellwood and Craig, 1984; 
Palter et al., 1986), only a single form of hsp58 has been 
156 
detected (McMullin and Hallberg, submitted), and apparently 
it serves functions during both non-stress and stress 
conditions. In this regard, it behaves much more like its 
bacterial homologue. 
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GENERAL DISCUSSION 
When T. theraophila are subjected to hyperthermic stress, 
they induce the synthesis of a specific array of proteins, 
called heat shock proteins, which appear to be necessary for 
the survival of those organisms at the elevated temperature. 
The transient change in protein synthesis patterns is 
regulated at both transcriptional and translational levels. 
Section I describes and characterizes the metabolism of a 22 
kDa protein, p22, which strongly associates with ribosomes 
during heat shock. Since the kinetics of this association 
correlate quite closely with translational1 y regulated 
changes in protein synthesis patterns, it is tempting to 
speculate that p22 plays a direct role in this regulation. 
However, translational regulation of protein synthesis is 
undoubtedly more complex than this. A more likely 
possibility is that the association of p22 with ribosomes is 
one of several changes that occur in the structure of the 
ribosome, and that all of these changes are necessary for the 
translational regulation to take place. Several other 
observations provide evidence that global changes in ribosome 
structure take place during heat shock. These include 
changes in the sensitivity of cells to antibiotics which are 
known to interact with the ribosome, other changes in the 
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array of ribosomal proteins, modifications of existing 
ribosomal proteins, and changes in the degradation 
characteristics of the ribosome. Other components of the 
translational machinery must also contribute to the 
regulation. Chemical modifications of translation factors 
are known to affect the arrays of proteins synthesized by 
cells, and there is evidence which suggests that these 
modifications occur in mammalian cells during heat shock. 
Also, the structure of the mRNA apparently contributes to the 
efficiency of their utilization, and the efficiency can vary 
depending upon the temperature. So the translational 
regulation of protein synthesis is most likely controlled by 
a combination of several factors which include structural 
changes in the translational machinery as well as the 
temperature dependent translational efficiency of specific 
mRNAs. 
The fact that p22 is present in non-heat-shocked cells 
but does not appear to be ribosome associated until cells are 
heat shocked raises an interesting question; where is p22 in 
a non—heat-shocked cell, and how does it become completely 
ribosome associated during heat shock? In preliminary 
experiments, the p22 in non-heat-shocked cells co-pelleted 
with the cell pellicle. This suggest that p22 may be tightly 
associated with the cytoskeleton in non-heat-shocked cells. 
Evidence from mammalian cells has shown that certain 
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translation factors are associated with the cytoskeleton. 
Also, agents that disrupt cytoskeletons can inhibit protein 
synthesis. This raises the possibility that ribosomes 
interact with the cytoskeleton, and that this interaction may 
involve p22. If so, a change in the affinity of p22 for the 
cytoskeleton or the ribosome may explain its differential 
associations following cell disruption. 
Sections II and III characterize one of the minor heat 
shock proteins of T. thermophila and investigate its 
relationship to proteins of other species. This protein, 
known as hspSS, is one of a small number of proteins 
selectively synthesized during the early stages of heat 
shock. Interestingly, this protein was found to be a normal 
component of mitochondria, and that during heat shock, its 
concentration in that organelle selectively increased 2-3 
fold. In both non-heat-shocked cells and heat-shocked cells, 
essentially all of this protein is associated with 
mitochondria. This provides a third example of a heat shock 
protein which localizes in a compartment-specific manner. 
The other two examples are hsp70 and hsp80. Hsp70 
accumulates primarily in the nucleus while hspBO is found 
exclusively in the cytosol. One possibility is that these 
three heat shock proteins (hsp58, hsp70, and hsp80) may have 
similar activities, but that each is specialized to localize 
and function in different subcellular locations. A question 
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that remains unanswered is that of the activities of the heat 
shock proteins. Clues to solving this problem are beginning 
to emerge. Both hsp70 and hspSO appear to associate with 
proteins which are either in an incorrect three-dimensional 
structure or are in the process of assembling into their 
proper macromolecular form. Another hsp, ubiquitin, 
apparently has the ability to recognize incorrectly folded 
proteins, but this case, the proteins are targeted for 
degradation instead of being re-folded. HspSS may have a 
role within mitochondria similar to the role hsp70 plays in 
the nucleus and hspSO plays in the cytoplasm. Evidence for 
this comes from the fact that hsp5B is homologous to the 
groEL protein of E. coli. At least one activity of the groEL 
protein agrees with the idea of hsp function described above. 
The groEL protein is required for the assembly of phage 
macromolecular protein complexes during the lytic cycle of a 
bacteriophage infection. Mutations in the groEL gene have no 
effect on the synthesis of the viral proteins but instead 
prevent the assembly of these proteins into macromolecular 
complexes. Hsp58 in the mitochondria of T. theraophila may 
play a role similar to this during normal cell growth by 
folding newly imported mitochondrial proteins. During heat 
shock, hsp58 may switch functions to now stabilize some of 
the large mitochondrial macromolecular protein complexes. 
The evolutionary conservation exhibited by hsp58 extends 
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from bacteria to humans. A homologue of this protein was 
even detected in plants. This high degree of evolutionary 
conservation suggests that this protein plays a very 
fundamental role in the cell. Investigations into this 
evolutionary conservation may provide clues to the function 
of hspSS and its homologues. DNA sequence analysis of the 
genes coding for the homologues in various species may 
provide information on which regions of the protein have been 
the most highly conserved and would suggest that these 
regions are important for the function of this protein. 
These conserved regions could then be compared to proteins 
with known functions to determine if they share any sequence 
homologies in the putative functional regions. 
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